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ABSTRACT 
 
This study focused on obtaining sound quantitative data on the reproductive 
biology, length and age compositions and growth of the snapper Pagrus auratus in 
the waters off Carnarvon at ca 25
oS and Perth at ca 32
oS on the west coast of 
Australia and at ca 34
oS on the south coast of Western Australia. Sampling thus 
encompassed both sub-tropical and temperate waters and the geographical range 
within which this species is abundant in Western Australia. The resultant data were 
used to explore the ways in which the biological characteristics of P. auratus differ 
with latitude and thus water temperature. An intensive sampling regime for eggs and 
spawning individuals of P. auratus was conducted in Cockburn Sound, a large 
marine embayment in the Perth region at ca 32
oS. The resultant data were used to 
elucidate where and when spawning occurs in this large marine embayment and to 
determine more precisely the factors that influence the timing of spawning. The 
implications of the results presented in this thesis for the management of P. auratus, 
a species that has been subjected to very heavy fishing pressure in recent years, are 
discussed.  
The time and duration of spawning of P. auratus in the subtropical waters of 
Carnarvon differed markedly from those recorded for this sparid in the temperate and 
cooler waters of the Perth and the south coast regions. Spawning at Carnarvon 
occurred predominantly in the five months between late autumn (May) and mid 
spring (September), whereas it took place mainly in the three months between mid 
spring (October) and early summer (December) in the Perth region. Spawning of 
P. auratus on the south coast occurred predominantly in October and November in 
2003 and 2004 and scarcely at all in 2005. Gonadal recrudescence was thus initiated   
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when water temperatures were close to their maximum but declining in Carnarvon, 
and close to their minima and rising in the Perth and south coast regions, 
respectively. The prevalence of fully mature and spawning females in all three 
regions was greatest in those months when water temperatures lay between 19 and 
21
oC. Collation of the data in this thesis and those provided in the literature for other 
populations showed that the spawning period was related to latitude, occurring far 
earlier in sub-tropical than temperate waters.   
   The females and males attained maturity at a far smaller total length (L50) in 
the Carnarvon region, i.e. 378 and 353 mm, respectively, than in the Perth region, 
585 and 566 mm, respectively, and also the south coast region, i.e. 600 and 586 mm. 
The trends exhibited by the age at maturity parallel those for length, with the A50s for 
the two sexes increasing from ca 4 years in Carnarvon to ca 5.6 years in the Perth 
region and nearly 7 years in the south coast region. The L50 and A50 at maturity thus 
both increased with increasing latitude. 
Marginal increment analysis demonstrated that, irrespective of the number of 
opaque zones in the otoliths of P. auratus, a single such opaque zone is laid down 
each year in these otoliths. Furthermore, the trends exhibited by the monthly 
marginal increments showed that the opaque zone is laid down predominantly in 
winter in the subtropical waters of Carnarvon, as opposed to mainly in spring in the 
temperate waters of the Perth and south coast regions. Thus, the timing of formation 
of the opaque zone in the otoliths of P. auratus along the Western Australian coast is 
not related to the trends exhibited by water temperature, but, in both the Carnvarvon 
and Perth regions, was coincident with the timing of spawning.  
  The maximum total lengths recorded for females and males in the Carnarvon 
region, i.e. 864 and 840 mm, respectively, were considerably less than the   
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corresponding values of 1051 and 1056 mm in the Perth region, and 1083 and 1099 
mm in the south coast region. Growth in the Perth and south coast regions was 
greater than in Carnarvon, as is reflected in, for example, the respective lengths of 
820, 720 and 610 mm for females at 10 years of age, as determined from the von 
Bertalanffy growth equations. 
  The length and age compositions in the Carnarvon and south coast regions 
were essentially unimodal, whereas those in the Perth region were bimodal. 
However, the “mode” in the length-frequency distribution for the south coast region 
was located well to the right of that in the Carnarvon region, reflecting relatively 
lower contributions by individuals of the age cohorts of 3 to 6 years. The marked 
bimodality in the length-frequency distribution for P. auratus in the Perth region was 
due to the presence of a group of mainly smaller individuals caught outside 
Cockburn Sound and another of mainly larger individuals that were caught in 
Cockburn Sound and which formed part of a spawning aggregation in that 
embayment.  
The proportion of fish > 10 years old in the Carnarvon region declined 
markedly between 2003 and the following two years, presumably reflecting the 
effect of heavy fishing pressure. This contributed to the decision by fisheries 
managers to reduced the TAC in those waters after 2003. Age-frequency data 
demonstrated that annual recruitment success in Cockburn Sound varied greatly, with 
the 1991, 1992 and 1996 year classes being particularly strong, and recognizing that 
the relative numbers of the first two year classes did decline progressively between 
2002 and 2004. Annual recruitment was particularly variable in the south coast 
region, with the catches of the 1996 year class dominating the samples.     
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The relative number of early stage P. auratus eggs in ichthyoplankton samples 
collected from Cockburn sound on each of four new moons during the spawning 
seasons of four consecutive years peaked in November in three of those years, i.e. 
2001, 2003 and 2004, and in November/December in the remaining year, i.e. 2002. 
This showed that spawning in this embayment peaked during these months, at which 
times the mean sea surface temperatures ranged only from 19 to 20
oC. 
The prevalence of spawning fraction females in sequential samples 
demonstrated that spawning peaks at the new and, to a lesser extent, full moons. This 
helps account for the strong positive correlation between spawning fraction and tidal 
regime, with spawning being greatest when the tidal range is greatest. 
Spawning times, back-calculated from the ages of the eggs collected during 
ichthyoplankton surveys in Cockburn Sound on each of 16 new moons within the 
spawning periods of four successive years, demonstrated that, in this embayment, 
P. auratus spawns at night and within the first three hours of the onset of the ebb 
tide. The distribution of egg concentrations on the 16 new moons showed that, each 
year, spawning occurred firstly in the north-eastern area of Cockburn Sound and then 
in the middle and finally north-western areas of this embayment.   
In the Perth region, the marine embayments of Cockburn and Warnbro Sound 
act as nursery areas for P. auratus during the first two years of life. The majority of 2 
to 5 year old fish and a large proportion of the 6 year old fish occupy the marine 
waters outside the embayments. The remaining 6 year old and almost all of the older 
fish begin to move in September into particularly Cockburn Sound, where they form 
relatively large spawning aggregations between October and December, before 
undergoing a massive emigration from this embayment in December/January. The 
limited returns from fish that were tagged in Cockburn Sound and were subsequently   
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caught outside this embayment indicate that, following spawning, P. auratus does 
not tend to move in a particular direction. 
  Pagrus auratus stocks are heavily exploited in offshore, oceanic waters and in 
embayments, such as Cockburn Sound, where they are particularly susceptible to 
capture because of the tendency of this species to form spawning aggregations in 
these same easily accessible locations each year. The data obtained during this thesis 
show that the L50 at maturity of females and males in temperate waters, i.e. nearly 
600 mm, is far greater than the current minimum legal length (MLL) of 410 mm TL. 
There is thus a need to increase the MLL and/or reduce fishing pressure on immature 
individuals in open waters. However, the effectiveness of an increase in the MLL 
may be limited because there is evidence that P. auratus suffers from fishing-induced 
barotrauma. Closures of specific areas during the spawning season of P. auratus, 
such as those that have been applied in Cockburn Sound and Shark Bay, are 
potentially a very effective method for reducing the effects of heavy fishing on 
spawning individuals.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
  8 
Table of Contents 
 
 
Abstract                              3 
Table of Contents                          8 
Acknowledgments                         11 
1.0 General introduction                      12 
  1.1 Taxonomy, nomenclature and morphometry            12 
  1.2 Stock delineation, distribution and movement            14 
  1.3 Reproduction                       17 
  1.4 Age determination                     19 
  1.5 Overall objective                     20 
2.0 Study regions, catch statistics and general materials and methods      22 
  2.1 Study areas                        22 
  2.2 Background                        25 
    2.2.1 Carnarvon                     25 
    2.2.2 Perth                       26 
    2.2.3 Cockburn Sound                   26 
    2.2.4 South coast                    29 
  2.3 Catch statistics                      30 
  2.4 Sampling methods                     32 
    2.4.1 Carnarvon                     32 
    2.4.2 Perth                       34 
    2.4.3 South coast                    37 
3.0 Geographical and temporal comparisons of the reproductive characteristics 
of Pagrus auratus in Western Australian waters 
             38 
  3.1 Introduction                       38 
  3.2 Methods                        40 
    3.2.1 Estimates of sexual maturity               43 
    3.2.2 Water temperature measurements              44 
  3.3 Results 
                        44 
    3.3.1 Length relationships                  44 
    3.3.2 Trends exhibited by reproductive variables          45 
    3.3.3 Relationship between spawning and water temperature      52   
  9 
    3.3.4 Lengths and ages at sexual maturity             54 
  3.4 Discussion                        59 
    3.4.1 Timing and duration of the spawning period          59 
    3.4.2 Relationship between spawning period and water temperature  62 
    3.4.3 Lengths and ages at maturity               63 
4.0 Length and age compositions and growth of Pagrus auratus in Western  
Australian waters                        65 
  4.1 Introduction                       65 
  4.2 Methods                        67 
4.2.1 Sampling and measurements               67 
    4.2.2 Treatment of otoliths                  68 
    4.2.3 Growth                      70 
    4.2.4 Water temperature measurements              71 
  4.3 Results 
                        73 
    4.3.1 Marginal increment analysis               73 
    4.3.2 Length and age compositions              81 
    4.3.3 Growth                      84 
  4.4 Discussion                        94 
    4.4.1 Formation of opaque zone on otoliths            94 
    4.4.2 Variations in year class strength              96 
    4.4.3 Growth                      99 
    4.4.4 Comparisons with other snapper populations          99 
5.0 Annual, lunar and diel reproductive cycles of Pagrus auratus in Cockburn 
Sound                           102 
  5.1 Introduction                      102 
  5.2 Methods                       104 
    5.2.1 Temporal and spatial distributions of eggs         104 
    5.2.2 Relationship of spawning fraction to lunar and tidal cycles    107 
    5.2.3 Determination of the ages of eggs             108 
  5.3 Results 
                       110 
    5.3.1 Temporal distribution of eggs             110 
    5.3.2 Spatial distribution of eggs               120 
  5.4 Discussion                       124   
  10 
6.0 Length and age distributions and movement of Pagrus auratus with respect 
to spawning and nursery areas                   127 
  6.1 Introduction                      127 
  6.2 Methods                       129 
    6.2.1 Methods of collection and measurements         129 
    6.2.2 Tagging                     130 
  6.3 Results 
                       133 
    6.3.1 Length and age compositions             133 
    6.3.2 Tag recaptures                   141 
  6.4 Discussion                       143 
    6.4.1 Movements throughout the life history           143 
7.0 Conclusions                        146 
References                         149 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
  11 
Acknowledgements 
 
  I would first like to recognize the efforts of my three supervisors. To my two 
supervisors from Murdoch University, Emeritus Professor Ian Potter and Professor 
Norm Hall, thank you for the tremendous amount of support, guidance and 
knowledge you bestowed, and an especially big thank you for your extended efforts 
during the final writing period of this thesis which was subject to such a short time 
frame, it was an amazing effort. To my supervisor from the Department of Fisheries, 
Dr Rod Lenanton, thank you for your support and guidance, not only during the 
period of my PhD but during my time at Fisheries. I would also like to acknowledge 
Dr Mike Moran, very many thanks for, firstly, employing me to work with you at 
Fisheries and, secondly, starting me on the path of snapper research, I would not be 
where I am today if it wasn’t for your belief in my abilities. 
 
  I would like to extend my thanks to my colleagues at the Department of 
Fisheries, for whom there are too many to mention, but in particular to Gary Jackson, 
Jeff Norris and Ben Rome for the many good times, cheers fellas. Also thank you to 
Jill St John and Dan Gaughan for acquiring extra funding (FRDC) for this project 
and for your guidance not only during my PhD but also my time at Fisheries. Thanks 
to Tim Leary for the laughs during our numerous south coast treks, I think it’s too 
late to get a Christmas award for running out of fuel at midnight in the middle of 
nowhere. Also a big thanks to those people who skippered the boat for me during 
sampling in Cockburn Sound, Keith Shadbolt, Mike Mackie, Paul Lewis, Chris 
Burton, Dave Harriss, Ron Mitchell, and to Helen Mee, Jan St Quinton and Lee 
Higgins for their expertise in otolith preparation.    
 
  Many thanks to the members of the Centre for Fish and Fisheries Research and 
staff at Murdoch University for whom there are too many to name individually, but I 
would like to extend my very many thanks to Dr Alex Hesp, whose impressive 
knowledge of fish biology and useful discussion helped improved this thesis. 
 
  Very many thanks to the numerous recreational fishers who volunteered their 
time to help tag snapper in Cockburn Sound, it was a fantastic effort. Also thank you 
to Hal Harvey from Bluewater Tackle and Lou Rummer from WA Bait Supplies for 
their sponsorship. I would like to express my gratitude to the Wimpress family, in 
particular Danny, your enthusiasm was inspiring and motivating, thanks for all the 
laughs, I’m sure we will have many more over the years, cheers buddy. 
 
  A special thanks to all the commercial and recreational fishers and processors 
from the Carnarvon, Perth and south coast regions, your assistance with this research 
project was greatly appreciated. 
 
  And last, but certainly not least, a big thank you to my family for your love and 
support, during the good and bad times. Mum, the strength and determination you 
displayed during your defeat of breast cancer was nothing short of remarkable, and 
Dad, thanks for always pushing me to achieve my best.   
  12 
Chapter 1 
General introduction 
 
1.1 TAXONOMY, NOMENCLATURE AND MORPHOMETRY  
The Sparidae, which contains over 110 species representing 33 genera, is an 
essentially marine family that is found in the Atlantic, Indian and Pacific oceans 
(Carpenter & Johnson 2001; Nelson 2006). The diversity of this percoid family is 
greatest in southern African waters, in which it is represented by 41 species, of which 
29 are endemic (Griffiths & Wilke 2002; Heemstra & Heemstra 2004). In Western 
Australia, this family is represented by seven species and is found in marine and/or 
estuarine waters and in both tropical and temperate regions. The species that occur 
predominantly in the sub-tropical/tropical region of Western Australia are the 
northwest black bream Acanthopagrus palmaris, the western yellowfin bream 
Acanthopagrus latus, the long-spined snapper Argyrops spinifer and the deepsea 
snapper Dentex tumifrons (Allen 1997), while those that live mainly in the temperate 
region are the black bream Acanthopagrus butcheri, the snapper Pagrus auratus, and 
the tarwhine Rhabdosargus sarba (Hutchins & Swainston 1996). The members of 
the Sparidae are commonly termed sea breams, porgies or dentexes (Carpenter & 
Johnson 2001). Pagrus auratus is commonly referred to as red sea bream in the 
northern hemisphere. Although, P. auratus is commonly referred to as ‘snapper’ 
throughout its distribution in the southern hemisphere, this common name is 
frequently used to describe species belonging to the Lutjanidae. This thesis will refer 
to P. auratus as snapper. 
Pagrus auratus has been referred to under many genus and species 
combinations, the most common of which include Pagrus major (Japan, Günther 
1859), Chrysophrys major (Japan, Temminck & Schlegel 1843), C. auratus   
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(Australia and New Zealand, Forster 1801) and C. unicolour (Australia, Quoy & 
Gaimard 1824). During his studies of the taxonomic status of Chrysophrys and 
Pagrus, Paulin (1990) confirmed the validity of scientific speculation (Yasuda et al. 
1974; Crossland 1981; Smith & Hataya 1982) that the geographically-isolated 
populations of red sea bream in Asia and of snapper in Australian and New Zealand 
all belonged to the same species and thus, following nomenclatural precedence, 
referred each to Pagrus auratus (Bloch & Schneider 1801).  
On the basis of genetic studies, Tabata and Taniguchi (2000) concluded that 
the southern and northern populations of P. auratus separated ca two to six million 
years ago and suggested that they should be accorded subspecies status as Pagrus 
auratus auratus and Pagrus auratus major, respectively. However, genetic studies 
have shown that differences can exist in stocks of P. auratus at much smaller 
geographic scales. For example, four separate stocks have been identified in the large 
marine embayment in Shark Bay in Western Australia (Johnson et al. 1986).  
Pagrus auratus is the largest of the sparid species in Australia, reaching 
lengths of ca 1.2 m and weights occasionally as high as 18 kg (Grant 1993; Kuiter 
1993; Hutchins & Swainston 1996). Due to its large size and excellent palatability, 
P. auratus is highly valued by commercial and recreational anglers. The 
distinguishing external characteristics include a base colouration that varies from 
pale pink to almost brick red, fading to white/silver on the ventral surface; the 
presence of blue iridescent spots on the upper dorsal surface and blue iridescent 
colouring on the fins and around the eyes of both juveniles and adults (Fig. 1.1, 
Crossland 1981; Macdonald 1982; Kuiter 1993; Hutchins & Swainston 1996). Some 
larger individuals develop sexual dimorphism, with the males producing a   
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particularly prominent hump on the nape and protuberant snout (Fig. 1.1, Moran et 
al. 1998), the predominance of which varies among location (Crossland 1981). 
 
 
 
 
Figure 1.1. Photographs of a juvenile (above, 340 mm TL) and adult (below, 863 
mm TL) Pagrus auratus. 
 
 
1.2 STOCK DELINEATION, DISTRIBUTION AND MOVEMENT 
  Sound data on the biology of a fish species are essential for assessing the health 
of the stocks of that species and thus, in turn, facilitating the development of 
appropriate management plans for their conservation (King 1995; Haddon 2001).   
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The biological characteristics for which data are required for a species include 
reproduction, length and age compositions, growth and movements of the population 
in question. The small self-replenishing groups or populations that may exist within 
the distribution of a fish species are each referred to as a unit stock and should be 
managed separately (King 1995; Fowler et al. 2004). 
  Pagrus auratus is widely distributed from New Zealand and Australia and 
from Indonesia north to the Philippines, China, Taiwan and Japan (Paulin 1990). The 
distribution of P. auratus in Australia is continuous around its southern coastline, 
excluding Tasmania (Macdonald 1982). In New Zealand, P. auratus is distributed 
along the entire coastline of the north island and the northern tip of the south island 
(Crossland 1981). The northern and southern extents of its distribution in both New 
Zealand and Australian waters, i.e. between ca 18
oS and ca 40
oS, suggest that this 
species has a preference for the water temperatures found within these latitudes. 
Pagrus auratus is a demersal species that is distributed from shallow coastal lagoons 
and marine embayments, outwards to depths exceeding 200 m on the continental 
slope (Moran et al. 1998; Fowler et al. 2004). This sparid can tolerate high salinities, 
as is illustrated by the fact that some of its populations are found in estuaries and 
marine embayments in which salinities exceed 70 (Woo & Fung 1981; Moran et al. 
2003). 
  The extent to which there is stock delineation of P. auratus varies with 
geographical region and is sometimes defined by oceanographic processes (e.g. 
currents, salinity). The delineation of stocks of P. auratus in New Zealand has been 
related to oceanic boundaries produced predominantly through the Wairarapa and 
D’Urville currents that flow from west to east between the north and south islands, 
resulting in the discreet isolation of assemblages of P. auratus on the west coast of   
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the north island, Tasman Bay (north of the south island) and north and east coasts of 
the north island (Bernal-Ramirez et al. 2003). In Shark Bay, Western Australia, four 
separate stocks of P. auratus have been recognized based on various studies 
including genetics (Johnson et al. 1986), tagging (Moran et al. 2003), morphometrics 
(Moran et al. 1998), trace element composition and stable isotope analysis of sagittal 
otoliths (Edmonds et al. 1989; Edmonds et al. 1999; Bastow et al. 2002), egg and 
larval dispersal (Nahas et al. 2003) and biology (Jackson et al. in prep.). The 
assemblages of P. auratus in the three inner bay areas, i.e. Denham Sound, Freycinet 
Estuary and the Eastern Gulf, are considered to exhibit minimal intermixing both 
among each other and with those in adjacent oceanic waters. As salinities in some 
areas of the gulfs are particularly high, i.e. up to 72, the stocks in those areas may 
have diverged in response to selection pressures for osmoregulating in hyper-saline 
environments (ranging from 36 to 72, Moran et al. 2003). In contrast to the situation 
in Shark Bay, the results of studies of the elemental composition of sagittal otoliths 
of adult P. auratus indicated that, in South Australia, snapper was represented by a 
single stock along ca 2000 km of coast (Fowler et al. 2005). In addition, a 
combination of tagging and the elemental composition of sagittal otoliths in Victoria 
and southern New South Wales, provided evidence that P. auratus was represented 
by two stocks, with separation occurring ca 200 km to the east of Port Phillip Bay 
(Sanders 1974; Hamer et al. 2005). The use of the elemental compositions of sagittal 
otoliths with respect to age in the above two studies demonstrated that settlement 
occurred in a restricted number of specific areas and that sub-adult P. auratus 
subsequently moved large distances, which highlighted the importance of those 
settlement/nursery areas for P. auratus.   
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The separate stocks of P. auratus may experience varying environmental 
conditions and fishing pressures which may also contribute to variation in their life 
history characteristics. Thus, it is important to obtain a clear understanding of the 
crucial biological characteristics for a given stock of P. auratus in order to develop 
appropriate strategies for managing and thus conserving that stock. There have been 
no detailed studies on the biology of P. auratus in the temperate waters of Western 
Australia. 
 
1.3 REPRODUCTION 
A study on the intersexuality of fishes found that Sparidae display a wide 
variety of reproductive strategies, including the most complex forms of 
hermaphroditism of all fish families (Atz 1964). The gonads of adult P. auratus 
consist entirely of either ovarian or testicular tissue and thus this sparid is essentially 
gonochoristic (Francis & Pankhurst 1988). However, the latter workers found that 
the gonads of early juveniles comprised entirely ovarian tissue, whereas later in 
juvenile life some of the gonads also contained testicular tissues. The above 
comparisons between the composition of the gonads in early and late juveniles and in 
adults imply that all P. auratus commence life as females and that some undergo a 
prematurational sex change/inversion to become males (Francis & Pankhurst 1988).  
Pagrus auratus is known to form spawning aggregations (e.g. Cassie 1956a; 
Jackson & Cheng 2001; McGlennon 2004) and studies in New Zealand showed that 
spawning occurred on consecutive days, with ovulation being highly synchronized 
within a given aggregation (Crossland 1977; Scott et al. 1993). Aggregated spawning 
has the advantage of producing genetic diversification, relatively high rates of 
fertilisation (Denny & Shibata 1989) and large numbers of eggs in a given area   
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(Johannes 1978) and synchronising spawning at highly specific locations and thus 
facilitating settlement in a suitable area and at an appropriate time (Colin & Clavijo 
1988; Shapiro et al. 1993). The timing and location of spawning aggregations of 
P. auratus remain the same each year and commonly occur in nearshore areas, such 
as Hauraki Gulf in New Zealand (Crossland 1980), Port Phillip Bay in Victoria 
(Coutin et al. 2003), Northern Spencer Gulf and Gulf St Vincent in South Australia 
(Fowler & Jennings 2003), and Cockburn Sound and Koks island in Western 
Australia (Lenanton 1974; Moran et al. 2003). The large concentrations of P. auratus 
in easily accessible locations make them extremely vulnerable to exploitation. This 
accounts for the two serious depletions that have occurred in P. auratus stocks in 
Western Australia in recent years, i.e. in the eastern gulf of Shark Bay (Stephenson & 
Jackson 2005) and in oceanic waters off the coast of Carnarvon (Moran et al. 2004). 
Both of these examples are probably a result of recruitment overfishing, with the 
majority of exploitation being focussed on spawning aggregations (Sadovy 2001), as 
is reflected in the catches being significantly greater during the breeding season.  
Differences in the trends exhibited by gonadal development and 
gonadosomatic indices during the year show that the spawning period of P. auratus 
varies markedly between regions. Pagrus auratus in the temperate waters of 
Australia, including south-east Western Australia, southern New South Wales, 
Victoria and South Australia, breed predominantly in late spring to summer 
(September to February, Lenanton 1974; Macdonald 1982; Coutin et al. 2003; 
Fowler & Jennings 2003; Ferrell 2004). This parallels the situation in New Zealand 
where the breeding period lasts for three to four months from October to January 
(Crossland 1977). In contrast, P. auratus spawn in winter in the sub-tropical waters 
at the northerly extent of their distribution in Australia, including Shark Bay   
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(Western Australia) and southern Queensland (May to September, Macdonald 1982; 
Jackson & Cheng 2001; Sumpton 2002; Jackson et al. in prep.). These temporal 
differences in spawning period presumably reflect differences primarily between 
water temperatures. Evidence that water temperature has a major influence on the 
timing of reproduction has been obtained from studies on both wild and captive 
P. auratus in Japan, Australia and New Zealand, all of which found that spawning 
occurs when water temperatures lie between 15 and 22
oC (e.g. Crossland 1980; 
Foscarini 1988; Pankhurst et al. 1991; Battaglene & Talbot 1992; Scott & Pankhurst 
1992; McGlennon 2004).  
The reproductive success of P. auratus has been shown to vary markedly 
between years, with variations in annual recruitment ranging from four fold in NSW 
(Ferrell 2004), seven to ten fold in Japan (Matsumiya et al. 1980; Kojima 1981), 
eight fold in New Zealand (Francis 1993; Francis et al. 1997) and twenty fold in 
South Australia (Fowler & Jennings 2003). In New Zealand, the recruitment of 
P. auratus was found to be positively correlated with sea surface temperatures during 
the first five months of life (Francis 1993; Francis et al. 1997). 
 
1.4 AGE DETERMINATION  
The ability to determine the age of a fish species forms the basis for 
estimating fundamental parameters used for assessing the rate of exploitation of that 
fish species, including growth, mortality and recruitment (Smith 1992; Secor et al. 
1995). The age of P. auratus was first determined for fish from the Hauraki Gulf in 
New Zealand using scales and modal progressions in length-frequency distributions 
(Cassie 1956b). Subsequently, scales have been found to be unreliable for estimating 
the age of P. auratus (Paul 1976; McGlennon et al. 2000). Marginal increments   
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analysis (McGlennon et al. 2000; Fowler et al. 2004) and chemical staining of the 
sagittal otoliths of P. auratus (Ferrell et al. 1992; Francis, R.I.C.C. et al. 1992) have 
been used to validate that the growth zones in this hard structure are formed on a 
regular and predictable basis and can thus be used for ageing. Accurate determination 
of the age of a fish using sagittal otoliths requires knowledge of the period when the 
opaque zone is deposited. Previous studies have shown that the timing of the 
formation of the opaque zone on the sagittal otoliths of P. auratus varies among 
locations. For example, Ferrell et al. (1992) found that, in New South Wales, the 
opaque zone on the otoliths of juvenile and adult P. auratus became delineated at the 
end of late spring/early summer (see also Ferrell 2004). Delineation occurs even later 
in adult P. auratus in South Australia (Fowler et al. 2004). 
The number of growth zones has been used to estimate the age of P. auratus 
in days (Francis, M.P. et al. 1992; Francis 1994b) and years (Francis, R.I.C.C. et al. 
1992; Jackson et al. in prep.). The results have shown that P. auratus is a relatively 
long-lived species, and the extent of longevity varies among locations, ranging from 
ca 22 years in Queensland (Ferrell & Sumpton 1996), 31 years in Shark Bay in 
Western Australia (Jackson et al. in prep.), 34 years in Spencer Gulf in South 
Australia (McGlennon et al. 2000), 37 years in Victoria (Coutin et al. 2003), 54 
years in East Cape region in New Zealand (Paul & Tarring 1980) and 60 years in 
Tanaki Bight in New Zealand (Horn 1986). 
 
1.5 OVERALL OBJECTIVE 
The overall aim of this study was to obtain sound quantitative data on the age 
and size compositions, growth and reproductive biology of Pagrus auratus over a 
wide latitudinal range, spanning a sub-tropical and two temperate regions of Western   
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Australia.  The data were then used to explore the ways in which the biological 
characteristics of this sparid are related to latitude and are influenced by various 
environmental factors. A single study on the reproductive biology and growth of a 
fish species over such a large latitudinal range is rare, and has not been attempted for 
this species. Furthermore, it will provide sound knowledge on those biological 
parameters which have not been investigated for this species in Western Australia, 
excluding Shark Bay. In addition, this study aimed to distinguish the relationship 
between environmental and reproductive cycles by focusing on the reproductive 
dynamics of a spawning aggregation of Pagrus auratus in Cockburn Sound, in the 
Perth region. The demographics relative to this spawning aggregation were further 
described through the spatial analysis of length and age compositions and associated 
movements in Cockburn Sound and surrounding waters. The specific aims of each of 
the four main components of the thesis are provided in expanded form in the 
introductions to Chapters 3 to 6. 
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Chapter 2 
Study regions, catch statistics and general materials and methods 
 
2.1 STUDY AREAS 
The sampling areas for this project were selected to facilitate the collection of 
data that would enable the biological characteristics of Pagrus auratus to be 
compared over a large latitudinal range. The distribution of P. auratus in Western 
Australia extends predominantly from Exmouth Gulf at ca 21
o30’S, with some 
individuals occasionally being caught further north, southwards along the full extent 
of the west and south coasts (Fig. 2.1). Thus, the assemblages of P. auratus in the 
Carnarvon (between 23
o34’S and 26
o30’S) and south coast regions (from Walpole at 
ca 35
o00’S and 117
o00’E to Israelite Bay at ca 33
o45’S and 123
o45’E), included in 
this study, represent those at the northern and southern latitudinal extents of their 
distribution in Western Australia (Fig. 2.1). The third sampling location, namely the 
Perth region, is located approximately mid-way between the other regions, i.e. ca 
650 km south of the Carnarvon region and ca 580 km along the coast from the south 
coast region. This region contains the most populated stretch of coast in Western 
Australia. Because of the large distances between the three regions, the Department 
of Fisheries Western Australia assumes that there is no direct genetic exchange 
between the assemblages of P. auratus in those regions and thus considers them to 
constitute separate unit stocks.    
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Figure 2.1. Map showing the three study regions (Carnarvon, Perth and south coast), 
that are located in the three separately-managed bioregions (i.e. Gascoyne, West 
Coast and South Coast, as identified by the Department of Fisheries, Western 
Australia). The main nearshore areas in each sampling region are displayed in more 
detail in Figure 2.2.  
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Figure 2.2. Map showing the main nearshore areas sampled in the (a) Carnarvon, (b) 
Perth and (c) south coast regions. Shaded areas (yellow) in the Carnarvon region 
denote the boundaries between the allocated fishing area of the Gascoyne region with 
the West coast bioregion and Inner Gulfs of Shark Bay.   
  25 
The fish stocks of Western Australia are managed by the Department of 
Fisheries, which has divided the marine waters of the Western Australian  
coast into four separately-managed bioregions, i.e. the North Coast, Gascoyne Coast, 
West Coast and South Coast. The three areas sampled in this study, i.e. the 
Carnarvon, Perth and south coast regions, are thus located in the Gascoyne, West 
Coast and South Coast bioregions, respectively (Fig. 2.1).  
 
2.2 BACKGROUND 
2.2.1 CARNARVON 
The area designated by the Department of Fisheries as the Shark Bay Snapper 
Managed Fishery (SBSMF) exploits P. auratus in marine shelf waters between 
23
o34’S and 26
o30’S. This fishery excludes the area of the inner gulfs of Shark Bay 
as the P. auratus that reside in these waters are considered to be separate stocks. This 
exclusion is based on the results of various studies, including genetics (Johnson et al. 
1986), tagging (Moran et al. 2003), morphometrics (Moran et al. 1998), trace 
element composition and stable isotope analysis of otoliths (Edmonds et al. 1989; 
Edmonds et al. 1999; Bastow et al. 2002), egg and larval dispersal (Nahas et al. 
2003) and basic biological characteristics (Jackson et al. in prep.).  
In 1991, Shark Bay was listed as a World Heritage Area in recognition of its 
numerous natural, cultural and scientific values (Anon. 1997; 2000). The waters in 
this area, which are designated as the World Heritage Area, include those of the inner 
gulfs of Shark Bay and those northwards to the northern margin of Bernier Island, 
west of Carnarvon and the western boundary of the Dirk Hartog, Dorre and Bernier 
Islands (Fig. 2.2a). This World Heritage listing did not lead to additional restrictions 
on fishing for P. auratus. The part of the region of the World Heritage Area sampled 
during the current study lies between Dorre and Bernier Islands and the Carnarvon   
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coast, otherwise known as the Carnarvon basin. It reaches a maximum depth of 
approximately 16 m and contains a variety of habitat types, i.e. seagrass, coral reef, 
mangrove and unvegetated sand areas (Seddon 1972; Anon. 1994). The waters in the 
above region are greatly influenced by the southwards-flowing Leeuwin Current, 
which flows most strongly in autumn and winter (Anon. 1994). Although the 
distributions of temperate and tropical marine species of fauna consequently overlap 
in this area, the majority of these species have a tropical affinity (Hutchins 1990; 
Jones 1990; Slack-Smith 1990). The Leeuwin Current influences the recruitment 
success of both scallops (Amusium balloti) and western king prawns (Penaeus 
latisulcatus) in this area (Caputi et al. 1996). The influence of this current on the 
recruitment of P. auratus in this area is not known. 
 
2.2.2 PERTH 
The area sampled in the Perth region comprised the metropolitan stretch of 
coastal waters between ca 31
o00’S (Lancelin) and ca 32
o36’S (Mandurah), which 
represents only a small portion of the West Coast Bioregion (Figs 2.1, 2.2b). The 
geomorphology of this stretch of coast is relatively featureless with the exception of 
two semi-enclosed marine embayments, i.e. Cockburn and Warnbro Sounds, and one 
offshore island, Rottnest (Seddon 1972). Cockburn Sound is thought to represent an 
important spawning and nursery area for P. auratus, based on the large seasonal 
catches of large P. auratus in spawning condition and a relatively high abundance of 
juvenile P. auratus, i.e. < two years of age (Lenanton 1974). 
2.2.3 COCKBURN SOUND  
  Cockburn Sound is the only large and relatively deep, marine embayment on 
the coast of south-western Australia. The only similar embayments are Shark Bay ca   
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700 nm to the north and King George Sound on the southern coast of Western 
Australia (Seddon 1972). Cockburn Sound, which comprises a 16 km long by 9 km 
wide basin (sea surface area of 100.5 km
2), with a maximum depth of 23 m (Fig. 
2.2b, D.A. Lord & Associates Pty Ltd 2001), is formed from a depression between 
the Spearwood Ridge (to the east) and the Garden Island Ridge (to the west). The 
benthic habitats in this area consist predominantly of small limestone reefs, large 
sandy areas (silt composition) and seagrass meadows (D.A. Lord & Associates Pty 
Ltd 2001). Cockburn Sound supports approximately 130 species of fish and 14 large 
species of crustaceans and molluscs (Dybdahl 1979) and constitutes an important 
area for fish, marine mammals (bottlenose dolphins and Australian sea lion) and 
seabirds (fairy penguins) (Simpson et al. 1993). 
Cockburn Sound has been subjected to many detrimental anthropogenic 
influences, commencing with those associated with industrial development along the 
shoreline in 1955. These developments led to construction of many wharves and 
groynes, the dredging of channels and the installation of numerous outfall pipes from 
the industrial complexes. In 1971-73, a ‘rockfill’ causeway was constructed across 
the southern entrance of Cockburn Sound to provide vehicle access to Garden Island. 
The causeway only had two trestle openings (305 m and 610 m long). This southern 
barrier altered the hydrodynamics within Cockburn Sound by reducing water flow by 
approximately 40% and wave energy by approximately 75% (D.A. Lord & 
Associates Pty Ltd 2001). It also reduced water exchange with the open ocean, 
leading to the accumulation of pollutants and nutrients in the waters of the 
embayment. This, together with shell sand mining, led to the degradation of the 
marine benthos, which resulted in the extensive depletion of seagrass meadows with 
estimates that only about 20% of their original coverage remains (Anon. 1996).    
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Cockburn Sound is the most intensively-used marine embayment in Western 
Australia, with uses including recreation, commercial and recreational fishing, 
aquaculture, industry and a naval base (D.A. Lord & Associates Pty Ltd 2001). In 
terms of the amount of recreational fishing, Cockburn Sound is second only to the 
area adjacent to Hillary’s marina (Sumner & Williamson 1999). Furthermore, 
Cockburn Sound was estimated to have the highest annual number of boat launches 
by recreational fishers (44,270) in the southern metropolitan region, with this value 
predicted to increase by 75% (77,451) by 2021 (Anon. 1999). 
Cockburn Sound was closed to both recreational and commercial fishing for 
P. auratus in 2000 (from 15 September to 30 October) as a precautionary measure to 
protect the P. auratus that aggregate there in spawning condition at that time. The 
closure was driven by concerns from lobbying recreational fishing groups and was 
introduced despite the lack of scientific evidence of any decline in P. auratus 
abundance and a limited understanding of the dynamics of P. auratus reproduction in 
Cockburn Sound. After the completion of the spawning-season fishing closure in 
November 2004, the Department of Fisheries was inundated by expressions of 
concern from recreational anglers regarding the high number of P. auratus caught in 
Cockburn Sound. On 12 November, 2004, the Department of Fisheries implemented 
an immediate closure of fishing for P. auratus to both commercial and recreational 
fishers, effective until 30 November, 2004. Evidence of the intensity of recreational 
fishing pressure during the first 12 days of November is provided by the estimates 
that fishers on ca 30 boats per morning and ca 100 boats per evening were targeting 
the spawning aggregation of P. auratus. 
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2.2.4 SOUTH COAST 
The south coast region covers a larger area than the other two regions 
sampled, stretching along approximately 590 lineal km of coastline (Fig. 2.1) from 
Walpole (ca 35
o00’S and 117
o00’E) to Israelite Bay (ca 33
o45’S and 123
o45’E). The 
geomorphology of the south coast region differs markedly from that of the west 
coast, largely due to the absence of nearshore reef chains, which, on the west coast, 
provide protection to nearshore waters (Sanderson et al. 2000). The south coast is 
dominated by large granitic outcrops or headlands interspersed with lunate-shaped 
sandy bays. The headlands and sandy bays predominantly face southeast, as a result 
of the diffraction of high wave-energy from large southwest swells common to this 
region (Sanderson et al. 2000). The western part of the south coast receives high 
rainfall and as a result there are numerous estuaries which are permanently or 
seasonally open to the ocean. Some, but not all, of these estuaries contain P. auratus. 
For example, P. auratus is recruited into the seasonally-opened Wilson Inlet on flood 
tides as postflexion larvae (Neira & Potter 1992), but not into the nearby 
permanently-open Nornalup-Walpole Estuary (Neira & Potter 1994). 
The two most striking features of the geomorphology of the south coast 
region are the large marine embayment located at Albany and the islands that 
comprise the Recherche Archipelago near Esperance. That embayment, which is the 
only large one on the south coast of Western Australia, comprises three Harbours, i.e. 
King George Sound, Princess Royal Harbour and Oyster Harbour (Fig. 2.2c). Oyster 
Harbour receives fresh water inflow from the King and Kalgan Rivers predominantly 
during winter. There is a diverse range of marine and freshwater habitats, which 
accounts for the high biodiversity, with, for example, close to 400 species of marine 
molluscs being recorded in this area (Wells 1990). The Recherche Archipelago   
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comprises approximately 105 islands and 1500 islets over 470 km off the coast at 
Esperance. However, P. auratus was not found during a recent study of the 
biodiversity of this region (Hutchins 2005; Kendrick et al. 2005). This is surprising 
as commercial catches of this sparid are recorded from waters to the east and west of 
the Recherche Archipelago (from compulsory catch return data, Department of 
Fisheries Western Australia). 
  The Leeuwin current, which is the dominant ocean current off Western 
Australia, varies in strength seasonally and flows southward along the west coast and 
then eastward along the south coast. The Leeuwin current transports warm tropical 
and subtropical, nutrient-poor water along the continental shelf as far as the Great 
Australian Bight, predominantly during autumn and winter. On the south coast, the 
Leeuwin Current is responsible for absorbing the northward-flowing sub-antarctic 
waters, resulting in higher water temperatures along the shelf than would normally be 
expected at these latitudes (Cresswell & Peterson 1993). The Leeuwin Current is also 
responsible for transporting the early life cycle stages of tropical marine species into 
the south coast region. However, as environmental conditions are not conducive to 
the establishment of these species, this region contains predominantly temperate 
species. The Leeuwin Current has also been shown to influence the recruitment of 
many fish and invertebrates along the west and south coasts of Western Australia, 
including pilchards (Sardinops sagax neopilchardus) on the south coast (Caputi et al. 
1996). 
 
2.3 CATCH STATISTICS 
The catches of P. auratus are the greatest of any other demersal finfish 
species in the Gascoyne bioregion. The Department of Fisheries Western Australia   
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commenced research and management of P. auratus in the oceanic waters of the 
Carnarvon region, the SBSMF, in 1986 after a rapid increase in catch and effort was 
recorded during the early 1980s (Moran et al. 2004). In 2001, a Total Allowable 
Commercial Catch (TACC) of 563.75 tonnes was set following analysis of historic 
catch and effort data for the fishery (Moran et al. 2004). More recently, this TACC 
was found to be too high and, as a consequence of high fishing exploitation and low 
recruitment in the late 1990s, the estimated level of biomass of mature P. auratus is 
currently thought to be less than 30% of the unexploited biomass of mature 
individuals in 1952 (Jackson & Besley 2005). As a result, the TACC was reduced by 
40% to 338.25 tonnes in 2004 (Jackson & Besley 2005). However, the actual landed 
catch weights differ slightly from the TACCs, with 429 and 312 tonnes recorded in 
2003 and 2004, respectively (Jackson & Besley 2005; Moran & Jackson 2005).  
The landed catch weights of P. auratus in the west coast bioregion are also 
greater than those of any other species of demersal finfish, with catches over the last 
ten years averaging 254 tonnes (St John et al. 2005). However, the majority of 
P. auratus caught in the west coast bioregion come from north of the Perth region, 
between Geraldton and Kalbarri. The estimated catch of P. auratus in the Perth 
metropolitan region between 2002 and 2005 has ranged from 24.5 to 40.4 tonnes. 
The proportion of the commercial catch of P. auratus taken in the metropolitan 
region of Perth from the seasonally-occurring spawning aggregation in Cockburn 
Sound, has ranged from 17.2 to 28.7% of the overall annual catch over the last four 
years (from compulsory catch statistics provided by commercial fishers to the 
Department of Fisheries Western Australia). 
The total annual commercial catches of P. auratus on the south coast are far 
smaller than those of the Carnarvon region but similar to those of the Perth region,   
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although the area represented is markedly larger. The two separately-managed 
commercial fisheries that contribute the annual catches of P. auratus on the south 
coast are the Joint Authority Southern Demersal Gillnet and Demersal Longline 
Fishery (JASDGDLF) and the wetline fishery (excluding the South Coast Estuarine 
Fishery that catches small numbers of P. auratus in Wilsons Inlet). The majority of 
operators in the JASDGDLF use demersal gillnets and target sharks, with scalefish 
being considered bycatch, while wetline fishers use hook and line techniques (of 
varying sizes and configurations) and target predominantly scalefish (Penn et al. 
2005a). The combined commercial catch of P. auratus on the south coast in 2002/03 
and 2003/04 was 27 and 38 tonnes, respectively, with the majority of P. auratus 
being landed by the wetline fishery and amounting to 20 and 28 tonnes in 2002/03 
and 2003/04, respectively (Penn et al. 2005a; Penn et al. 2005b). As a result of the 
lower catch rates of P. auratus in this region, the sampling area was expanded in 
order to provide samples of sufficient size. 
 
2.4 SAMPLING METHODS 
2.4.1 CARNARVON 
The area sampled in the Carnarvon region is identical to that designated by 
the Department of Fisheries as the Shark Bay Snapper Managed Fishery (SBSMF) 
and thus excludes the inner gulfs of Shark Bay (Fig. 2.1 and 2.2a). All biological data 
previously collected by the Department of Fisheries, Western Australia for 
P. auratus in the Carnarvon region were made available to the present study. The 
majority of samples were obtained from the catches taken by commercial fishers 
using line and trap methods, with smaller (juvenile) P. auratus also being collected 
from research prawn trawl surveys conducted in the area (Wakefield et al. 2007).    
  33 
Although samples of P. auratus had been collected from the Carnarvon 
region prior to this study, it was important to collect individuals from this region 
during the present study in order to be able to compare the biological characteristics 
of P. auratus in all three geographical regions over the same time period, i.e. 2002 to 
2006. During this period, a monthly sampling regime was established in 
collaboration with the Department of Fisheries, Western Australia, to fulfil the 
requirements of their annual stock assessment and to obtain data for the biological 
components of this study. This sampling regime involved obtaining fish monthly 
from the catches of commercial fishers, which take approximately 95% of the total 
catch of P. auratus in the Carnarvon region. The gear used by the commercial fishers 
to catch P. auratus greater than the minimum legal length (MLL) of 410 mm total 
length (TL) consists of up to four hydraulic drop-lines per vessel with up to a 
maximum of 30 hooks (with no restriction on hook size) per line. The sampling 
regime attempted to reduce the bias associated with size grading by the processors by 
having the commercial fishers separate the first 20 P. auratus (> MLL) caught per 
trip, which could range from one to four days. These fish were later processed 
(filleted) by the ‘Kai’ fish market in Carnarvon, and the fish frame donated to 
research. The proposed number of catches to be sampled during each year was 
adjusted so that it was proportional to the historic commercial catches of the 
corresponding month, with an overall minimum of 500 individuals of P. auratus to 
be collected per year (Table 2.1). Pagrus auratus less than the minimum legal length 
(MLL) were collected by research staff during onboard monitoring of commercial 
vessels. 
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Table 2.1. Mean monthly percentage of commercial catch from 1985 to 2000 (from 
compulsory catch return data, Department of Fisheries Western Australia) and target 
number of samples of Pagrus auratus per month based on the proportion of the 
annual catch from the commercial sector. 
 
Proportion of  Proposed number  Proposed number 
commercial catch (%) of catches sampled of snapper sampled
January 2.6 0 0
February 3.2 0 0
March 3.7 1 20
April 3.9 2 40
May 9.8 3 60
June 28.7 7 140
July 25.2 6 120
August 14.3 3 60
September 3.6
October 1.8
November 1.6
December 1.6
Total 100 25 500
40
20
Month
2
1
 
 
 
 
2.4.2 PERTH 
Samples of Pagrus auratus were collected by research workers and 
commercial and recreational fishers operating in the Perth region between 2002 and 
2006. The sampling regime for the Perth region was designed firstly to determine the 
basic biological characteristics of P. auratus in this region and to compare these with 
the other two study regions and, secondly, to elucidate the importance of Cockburn 
Sound as a spawning and nursery area. Thus, the sampling regime for the Perth 
region was designed specifically to investigate the movement dynamics of P. auratus 
in the Perth region with respect to Cockburn Sound and to determine the temporal 
and spatial reproductive characteristics of the seasonally-occurring spawning 
aggregation in Cockburn Sound. This chapter only outlines the methods used for the   
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collection of samples of P. auratus in the Perth region. The various other methods 
used (i.e. ichthyoplankton sampling, tagging) are discussed specifically in later 
chapters. 
The Perth region was separated into the following four areas in order to 
determine the way in which P. auratus is distributed spatially on the basis of size and 
age. The areas were 1) northern area (north of 31
o48 S), 2) offshore area (>80 m 
deep), 3) nearshore area (<80 m deep) and 4) marine embayments (Cockburn Sound, 
Warnbro Sound and Owen Anchorage, Fig. 2.3). The data on the distribution by size 
and age were combined with the results of tagging spawning individuals of 
P. auratus in Cockburn Sound. Thus, the nearshore and offshore areas were located 
centrally to Cockburn and Warnbro Sound (Fig. 2.3).  
In the offshore area, P. auratus was obtained from the catches taken by 
charter and research vessels using line and long-line methods at the edge of the 
continental shelf. The depths at which P. auratus were caught ranged from 80 to 230 
m. During the twice monthly trips aboard recreational fishing charter vessels, 
sampling employed a series of different-sized hooks (hook widths ranged from ca 5 
to 30 mm) in order to reduce any associated size selectivity (Otway & Craig 1993). 
This ensured that the size range of P. auratus in that area were represented in the 
samples.  
In the marine embayments and nearshore areas (areas 2 and 3, Fig. 2.3), 
P. auratus was obtained from recreational, commercial and research fishers, who use 
a variety of methods, including line, long-line, trap and prawn trawl. In these areas, 
sampling was conducted monthly by research staff using a variety of fishing rigs and 
hook sizes to facilitate the capture of a wide size range of the P. auratus present 
(Otway & Craig 1993). In the northern area (area four), P. auratus was obtained   
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opportunistically from recreational and commercial anglers through voluntary 
donations of frames, with only a small proportion obtained from specific research 
sampling. Therefore, the size distribution of these samples is most likely biased 
toward fish larger than the MLL. 
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Figure 2.3. Map showing the four sampling areas in the Perth region, i.e. (1) 
northern area, (2) offshore area (>80 m), (3) nearshore area (<80 m) and (4) marine 
embayments. 
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2.4.3 SOUTH COAST 
Samples of Pagrus auratus were collected in 2002 to 2006 from the landings 
of commercial and recreational anglers at the main fishing ports along the south coast 
of Western Australia, including Albany, Bremer Bay and Esperance (Fig. 2.1). The 
length of these fish were thus greater than the minimum legal length (MLL) of 410 
mm TL. The methods used by recreational and commercial fishers included 
predominantly hook and line and to a small extent gillnets (see Table 4.3). Pagrus 
auratus less than the MLL were obtained from Albany by researchers at 
approximately six week intervals between 2002 and 2006. In addition, P. auratus 
less than MLL were also collected through issuing of exemption permits to a 
commercial trap fisher and recreational fishing charter operator, both fishing around 
Albany. 
It should be noted that, although commercial fishers were the only source of 
samples in the Carnarvon region and the main source on the south coast but 
contributed only ca 40% in the Perth region, the methods used by commercial and 
recreational fishers were similar, i.e. hook and line. Furthermore, the length-
frequency distributions in Cockburn Sound in the Perth region, where approximately 
equal numbers of fish were derived from commercial and recreational fishers, were 
very similar. 
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Chapter 3 
Geographical and temporal comparisons of the reproductive 
characteristics of Pagrus auratus in Western Australian waters 
 
3.1 INTRODUCTION 
  There has been only one detailed study of the reproductive biology of 
P. auratus in Western Australia. Furthermore, that study focussed on the three stocks 
of this species in the inner gulfs of Shark Bay (Jackson et al. in prep.) and thus did 
not include populations in temperate regions further south. However, the 
reproductive biology of P. auratus has been studied extensively in the coastal waters 
of New Zealand (e.g. Crossland 1977; Francis & Pankhurst 1988; Scott & Pankhurst 
1992; Scott et al. 1993; Francis 1994a) and in South Australia, Victoria and 
Queensland (e.g. Sumpton 2002; Coutin et al. 2003; Fowler & Jennings 2003; 
McGlennon 2004).  
In New Zealand, reproduction of P. auratus is highly synchronized and 
typically occurs in aggregations, with batches of eggs being released on consecutive 
days over a restricted period (Scott et al. 1993). The spawning period of P. auratus 
varies with latitude. Thus, at the northernmost part of its latitudinal distribution in the 
southern hemisphere, such as in the subtropical regions of southern Queensland and 
Shark Bay in Western Australia, P. auratus spawns in late autumn to early spring 
(e.g. Macdonald 1982; Jackson & Cheng 2001; Sumpton 2002; Jackson et al. in 
prep.). In contrast, in more southern and temperate waters, P. auratus spawns in late 
spring to summer (e.g. Lenanton 1974; Crossland 1977; Macdonald 1982; Coutin et 
al. 2003; Fowler & Jennings 2003; Ferrell 2004). The fact that spawning occurs later 
in temperate than subtropical waters may reflect the fact that P. auratus typically   
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spawns when water temperatures lie between 15 and 22
oC (e.g. Crossland 1980; 
Foscarini 1988; Pankhurst et al. 1991; Battaglene & Talbot 1992; McGlennon 2004).  
At lower latitudes, the spawning period of P. auratus is approximately six 
months in Shark Bay (Jackson et al. in prep.), four months in Queensland (Sumpton 
2002), three to five months in New Zealand (Scott & Pankhurst 1992), at least four 
months in South Australia (McGlennon 2004) and four months in Victoria, where the 
majority of that spawning occurs over two months (Coutin et al. 2003). Furthermore, 
at more southern localities, and particularly in New Zealand and South Australia, the 
spawning season is shorter during years when water temperatures are relatively low 
(Scott & Pankhurst 1992; Fowler & Jennings 2003). From the above comparisons, 
there is thus evidence that the spawning period of P. auratus tends to be less 
protracted at higher latitudes and at cooler water temperatures. This type of trend for 
the spawning period of P. auratus parallels that recorded for a number of other 
species in various parts of the world (e.g. Kneib 1986; Conover 1992; Kokita 2004). 
This includes Western Australia, where, for example, Sillago schomburgkii spawns 
over a shorter period in Perth than in the waters off Shark Bay (Coulson et al. 2005) 
and in eastern Australia, where, for example, the spawning period of Sillago ciliata is 
less protracted in temperate than tropical waters (Cleland 1947; Morton 1985). 
  The length and age at sexual maturity of P. auratus vary among regions (e.g. 
Crossland 1981; Matsuura et al. 1987; Matsuyama et al. 1987; Sumpton 2002; 
Coutin et al. 2003; Jackson et al. in prep.). However, unlike the situation with the 
spawning period, these two variables do not apparently exhibit a clear latitudinal 
pattern of change for this species. Thus, for example, the lowest estimates of the 
length at which 50% of P. auratus attain maturity (L50) were recorded at very 
different latitudes, i.e. between 260 to 350 mm TL in Queensland (Sumpton 2002)   
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and ca 250 mm TL in New Zealand (Crossland 1981). The highest estimates of the 
L50 are the 468 and 488 mm TL recorded for female P. auratus in Denham Sound 
and Freycinet Estuary, respectively, in Shark Bay (Jackson et al. in prep.). Although 
the ages of P. auratus at maturity vary with region, they do not follow a clear 
latitudinal trend, with the age at which individuals attain maturity ranging from 2-3 
years in Queensland to ca 5 years in Denham Sound in Shark Bay at a relatively 
similar latitude (e.g. Crossland 1981; Matsuura et al. 1987; Matsuyama et al. 1987; 
Sumpton 2002; Coutin et al. 2003; Jackson et al. in prep.). 
  The aims of this study of the reproductive biology of P. auratus in the 
Carnarvon, Perth and south coast regions were as follows. 1) Determine the duration 
and main period of spawning in each region. 2) Determine the extent to which 
spawning can be related to water temperature. 3) Estimate the lengths and ages at 
which males and females attain sexual maturity in each region. It was hypothesised 
that, on the basis of the results of studies on P. auratus elsewhere, the duration of 
spawning and the length and age at maturity of this species would differ among 
regions along the Western Australian coast. If spawning was related to temperature, 
it was proposed that P. auratus would spawn earlier and occur over a longer period 
in the subtropical region of Carnarvon than in temperate regions further south. 
 
3.2 METHODS 
  Pagrus auratus was collected between 2002 and 2006 from the three regions 
sampled on the Western Australian coast, i.e. 1) Carnarvon, between 23
o34’S and 
26
o30’S, 2) Perth, between ca 31
o00’S (Lancelin) and 32
o35’S (Mandurah) and 3) 
south coast, between 34
o60S and 116
o44E (Walpole) and 33
o40S and 123
o50E 
(Israelite Bay) (see Fig. 2.1). However, due to a lack of samples for some months in 
the Carnarvon region, data collected in the same manner and region by M. Moran   
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(Department of Fisheries, Government of Western Australia) between 1983 and 2000 
were included in the analyses.  
  The total length (TL) and fork length (FL) of each P. auratus were measured to 
the nearest 1 mm. Estimates of the length of P. auratus at maturity were derived 
using data for TL, as management regulations in Western Australia are based on TL. 
The TL and FL relationship was calculated and used to convert to TL the values 
recorded as FL in previous studies, thus facilitating comparisons between studies. 
The wet weight (W) of whole fish obtained from the Perth and south coast regions 
were measured to the nearest 0.1 g. An allometric relationship between FL and W 
was derived from the log-transformed data and used to estimate the weights of each 
filleted P. auratus caught in the Perth and south coast regions (Quinn & Deriso 
1999). The back-transformed equation was adjusted for the bias associated with the 
log transformation (Quinn & Deriso 1999). As a large number of the fish used from 
the Carnarvon region had been filleted, the weight of individuals of P. auratus from 
that region were estimated using the length-weight equation recorded by Moran & 
Burton (1990). All P. auratus from the three regions were aged (see Chapter 4). 
The gonads were removed from each fish and weighed (WG) to the nearest 
0.01 g, sexed and macroscopically staged (Table 3.1). In the case of very small 
juveniles, where sex could not be determined macroscopically, their sex was 
recorded as indeterminate and such fish were randomly assigned but in equal 
numbers to the data sets for males and females. Numerous schemes have used 
macroscopic criteria to classify the gonads of P. auratus into different stages in 
development, with the number of such stages ranging from four to six (e.g. Cassie 
1956a; Crossland 1977; Matsuura et al. 1987; Matsuyama et al. 1987; Scott & 
Pankhurst 1992; Scott et al. 1993; Ferrell & Sumpton 1999; Sumpton 2002; Coutin   
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et al. 2003). To maintain a consistent interpretation for P. auratus in Western 
Australia, the staging key of Jackson et al. (in prep.), which contains six stages for 
both male and female gonads, was used in the present study (Table 3.1).  
Data for the stages and gonadosomatic indices (GSI) in each corresponding 
calendar month of the year in each geographical region were pooled. The GSI of 
each fish was determined using the equation: 
GSI = (WG . 100) / (W – WG) 
where WG = wet weight of the gonad in g, W = wet weight of the whole fish in g. 
  The proportion of the males and females of P. auratus ≥ L50 at maturity (see 
later) and with gonads at stages IV and V, was determined for each month in each 
region. Fish with gonads at these stages are subsequently termed stage IV/V females 
or males.  
 
 
Table 3.1. Macroscopic characteristics in the appearance of ovaries and testes of 
Pagrus auratus. 
 
Stage  Ovaries  Testes 
I. Immature  Clear string-like threads. 
 
Clear string-like threads. 
 
II. Resting / regressed  Occupy up to one half of length 
of ventral cavity. Cylindrical 
and pink to orange. 
 
Occupy up to one half of 
ventral cavity. Flat or ribbon-
like and white. 
III. Developing  Occupy up to two thirds of 
ventral cavity and orange. 
Blood capillaries and eggs 
visible.  
 
Occupy up to two thirds of 
ventral cavity and white. 
Posterior end has a more 
“swollen” appearance than at 
stage II.  
IV. Developed   Occupy up to full length of 
ventral cavity. Yolked eggs 
clearly visible but not hydrated. 
Blood capillaries more 
conspicuous. 
 
Testis much larger occupying 
up to full length of ventral 
cavity. No milt discharged 
when slight pressure is applied 
to lobes or abdomen. 
V. Spawning  Similar in size to stage IV. 
Hydrated oocytes visible 
throughout ovarian lobes or 
concentrated in oviduct. 
 
Similar to stage IV in size. Milt 
discharged when slight pressure 
is applied to lobes or abdomen. 
VI. Spent  Ovaries reduced in size, flaccid 
and red in areas. 
Ovaries reduced in size, flaccid 
and red in areas   
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3.2.1 ESTIMATES OF SEXUAL MATURITY 
  The lengths and ages of P. auratus at maturity in each region were determined 
using data for the months when > 50% of either males or females possessed gonads 
at stages IV and V collectively, i.e. during the main spawning period. The lengths at 
which 50% of female and male P. auratus attained sexual maturity (L50), in each 
region were determined using logistic regression analysis to determine the 
relationship with length, of the probability that a fish during the spawning period 
possessed gonads at stages III to VI. Note that, during the spawning period, fish with 
gonads of these stages would have had the potential to spawn, were spawning or had 
recently spawned and that fish with gonads at stages I and II would have remained 
immature. The relationship used, i.e.  
PL = 1 /{1 + exp[-loge (19)(L - L50) / (L95 - L50)]} 
was a reparameterised form of the logistic equation, where PL = the proportion of 
mature P. auratus at a particular length L, and the L50 and L95 = the estimated lengths 
at which 50% and 95% of P. auratus have attained sexual maturity, respectively 
(Punt & Kennedy 1997; Hesp et al. 2004a). Values of the L50 and L95 and their 95% 
confidence intervals were determined by bootstrapping, where estimates were 
obtained from the analysis of data sets produced by random resampling, with 
replacement, of each data assemblage to generate 2000 estimates of the parameters of 
the logistic equation. The parameters and 95% confidence intervals for the 
reparameterised logistic equation were calculated as the median and upper and lower 
2.5 percentiles of the 2000 bootstrap estimates of each length class. 
Estimates of sexual maturity with respect to age were calculated using the 
same equation, but with A50 and A95 substituted for L50 and L95, respectively.  
   
  44 
3.2.2 WATER TEMPERATURE MEASUREMENTS 
Water temperatures for the Carnarvon region in 1998 to 2005 were supplied 
by the Department of Fisheries, Western Australia. Mean monthly water 
temperatures were calculated from measurements obtained using a data logger 
(Onset StowAway Tidbit
®, Model No. TBI32-05+37) located in a depth of 12 m, on 
the Uraine Bank on the eastern side of Dorre Island (latitude 25
o16.84’S and 
longitude 113
o13.09’E), with the logger situated 1.5 m from the bottom. The location 
of the temperature logger is close to two locations where P. auratus is known to 
spawn. In the Perth region, mean monthly water temperatures were calculated from 
measurements recorded in Cockburn Sound during sampling in 2001 to 2005, using a 
conductivity meter with a built-in temperature probe (WTW 315i conductivity meter 
with a WTW tetracon
®325 conductivity cell). Measurements were taken 
approximately 1 m below the sea surface. N. B. Cockburn Sound is considered the 
main spawning location for P. auratus in the Perth region (see Chapter 5). In the 
south coast region, water temperatures were obtained from the Department of 
Fisheries, Western Australia. The measurements were taken approximately monthly 
from 1997 to 2002, at a distance 1 m below the surface and within 20 m from the 
shore at Middleton Beach, located within King George Sound, in which Pagrus 
auratus is thought to form spawning aggregations. Water temperatures were 
measured using the same instrument as used in the Perth region. For each region, 
water temperatures for corresponding calendar months were pooled. 
 
3.3 RESULTS 
3.3.1 LENGTH RELATIONSHIPS 
The relationship between fork length (FL) and total length (TL) for the two 
sexes are described by the following equations.   
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Females: FL = 0.897(TL) – 23.058 (n = 1385, r
2 = 0.996). 
Males: FL = 0.892(TL) – 23.797 (n = 1236, r
2 = 0.995). 
The relationships between weight (g) and length (mm FL) of P. auratus 
differed significantly neither between the sexes in either the Perth or south coast 
regions nor between the pooled data for both sexes in those regions (P > 0.05). Thus, 
a common equation for the weight-length relationship for the two sexes was 
calculated, which was as follows: 
W = 0.00005611(FL
2.827).  
This was adjusted for log bias from the fitted equation:  
loge (W) = 2.827(loge FL) – 9.7882 (n = 966, r
2 = 0.998). 
 
3.3.2 TRENDS EXHIBITED BY REPRODUCTIVE VARIABLES 
In the Carnarvon region, the ovaries of the females of P. auratus with lengths 
≥ the L50 at maturity were exclusively at stage I-II in November to January (Fig. 3.1). 
Females with stage III gonads first appeared in February and those with stage IV and 
V were first found in April. Fish containing ovaries with hydrated oocytes (stage V) 
were present in all months between April and October. The prevalence of female 
P. auratus with spent ovaries (stage VI) increased progressively from June to 
October and fish with such ovaries were not caught in subsequent months through to 
March (Fig. 3.1). 
In the Perth region, the female P. auratus with lengths ≥ the L50 at maturity 
possessed exclusively or almost entirely ovaries at stages I-II in each month between 
March and July (Fig. 3.1). Fish with ovaries at stage V were caught predominantly 
between October and January and those with spent ovaries were found only between 
November and February.    
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The ovaries of female P. auratus caught on the south coast region with 
lengths ≥ the L50 at maturity were exclusively or very largely at stages I-II in all 
months between January and August (Fig. 3.1). Fish with hydrated oocytes were 
caught in October to December and those with spent ovaries from November to 
March, but in low numbers.  
The spawning season of P. auratus in a given sampling region was defined as 
the period during which females containing ovaries with hydrated oocytes (stage V 
(spawning) ovaries) were found in that region. Thus, the spawning period of 
P. auratus in the Carnarvon region extends from April to October, but with very little 
spawning in the first and last of those months (Fig. 3.1). Females with developed 
ovaries (stage IV) were found only in the same months as those with stage V ovaries 
and their numbers were likewise very low in April and October. This implies that the 
initial transition of ovaries from stage IV to V, and thus the production of hydrated 
oocytes, typically occurs within a month and probably over a shorter period. 
Furthermore, depending on the time of day and lunar phase (see Chapter 5), females 
with stage IV ovaries sometimes contained migratory nucleus oocytes or post-
ovulatory follicles and were thus just shortly about to spawn or had spawned, 
respectively. Thus, subsequently the data for fish with stage IV and V ovaries in the 
Carnarvon region were pooled to provide an estimate of the prevalence of females 
which were in or very close to spawning condition in a given month. The same 
policy was adopted for P. auratus in the Perth and south coast regions.  
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Figure 3.1. Percentage frequency of occurrence of Pagrus auratus with ovaries at 
the different stages in development in samples obtained from the (a) Carnarvon, (b) 
Perth and (c) south coast regions. Data are derived from fish ≥ L50 at maturity for the 
respective regions. Red bars represent ovaries containing hydrated oocytes (stage V).  
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  The mean monthly GSIs for female P. auratus from the Carnarvon region 
increased progressively from 0.4 in April to reach a peak of 2.7 in June and then 
declined to 0.5 in September (Fig. 3.2). The mean monthly GSIs for males followed 
a very similar trend to that just described for females. The percentage of P. auratus 
with developed (stage IV) or spawning gonads (stages V) in the Carnarvon region 
was greater than 50% in each of the five months from May to September, i.e. 
between late autumn and early spring (Fig. 3.2).  
The timing of the rise and fall in the mean monthly GSIs of male and female 
P. auratus in the Perth region differed from that in the Carnarvon region. Thus, for 
females, this variable in the Perth region increased progressively from 0.6 in July to 
3.2 in November and then fell to 1.2 in January (Fig. 3.2). As in the Carnarvon 
region, the trends exhibited by the mean monthly GSIs for males closely mirrored 
those just described for females. The monthly spawning prevalence of P. auratus 
with gonads at stages IV and V collectively was greater than 50% for females in each 
month from October to January, i.e. between mid spring and mid summer, and for 
males between August and December, i.e. late winter to early summer (Fig. 3.2).  
The maximum mean monthly GSIs for both males and females of P. auratus 
were far lower on the south coast than in either the Carnarvon or Perth regions. Thus, 
for example, for females, the maximum mean monthly GSI of 1.2, was less than half 
and approximately a third of those recorded in the Carnarvon and Perth regions, 
respectively (Fig. 3.2). The mean monthly GSIs and percentage of stage IV/V 
females peaked on the south coast at essentially the same time as in the Perth region. 
However, in comparison with P. auratus in the Carnarvon and Perth regions, such 
females and males were found in only four months on the south coast, rather than six 
to eight months, and did not attain the same maximum level of prevalence (Fig. 3.2).    
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There was considerable inter-annual variability in the extent to which, within 
the population on the south coast, the individuals of P. auratus developed through to 
sexual maturity (Fig. 3.3). This point is illustrated by the fact that, in both 2003 and 
2004, the maximum monthly prevalence of stage IV/V females and males both 
exceeded 60% and fish with such gonads were present in three or four months, 
whereas the few such fish that were found in 2005 were all caught in a single month, 
i.e. December (Fig. 3.3).    
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Figure 3.2.  Mean monthly gonadosomatic indices ±1 SE (lines) and percentage of 
stage IV/V (histograms) females (left) and males (right) of Pagrus auratus from the 
Carnarvon, Perth and south coast regions and which were ≥ L50 at maturity in those 
regions. Samples sizes are given for each month. On the x-axis, open rectangles 
represent autumn and spring months and closed rectangles the winter and summer 
months.   
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Figure 3.3. Mean monthly gonadosomatic indices ±1 SE and percentage of stage IV/V (histograms) females (above) and males (below) of 
Pagrus auratus from the south coast region between July 2003 and February 2006 and which were ≥ L50 at maturity. On the x-axis, closed 
rectangles represent winter and summer months and open rectangles, spring and autumn months.   
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3.3.3 RELATIONSHIP BETWEEN SPAWNING AND WATER TEMPERATURE 
Mean monthly water temperatures in the Carnarvon region declined 
precipitously from their maximum of 25.1
oC in April to 21
oC or just below in June to 
October, and then rose markedly to 24.8
oC in February and March (Fig. 3.4). 
Although the trends exhibited throughout the year by mean monthly water 
temperatures in the Perth and south coast regions were similar to those in the 
Carnarvon region, the values for those two regions were almost invariably far lower. 
This difference was particularly marked during winter when, for example in August, 
the mean water temperatures of ca 16 and 14.5
oC for the Perth and south coast 
regions, respectively, were ca 5 and 6.5
oC less than that in the Carnarvon region. The 
maximum mean monthly water temperatures in the Perth and south coast regions 
were ca 24 and 22
oC, and thus 1 and 3
oC, respectively, less than in the Carnarvon 
region (Fig. 3.4). The difference between the maximum and minimum mean monthly 
water temperatures in the Perth and south coast regions of 8 and 7.5
oC, respectively, 
were greater than that of just over 4
oC in the Carnarvon region. 
In the Carnarvon region, the prevalence of stage IV/V females increased 
sharply from only 6% in April to 58% in May and 90% in June as mean monthly 
water temperatures declined markedly from just over 25 to 23 and 21
oC, respectively 
(Fig. 3.4). The prevalence remained high in the next three months, when mean 
monthly water temperatures were at or just below 21
oC, but then declined 
precipitously in October, even though water temperatures were ca 21
oC, and no stage 
IV/V females were found in the subsequent five months as temperatures rose. 
In marked contrast to the situation in the Carnarvon region, the prevalence of 
stage IV/V females increased as water temperature rose. Thus, in the Perth region, 
such females first appeared in August, just after water temperatures had declined to   
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their minimum, and rose progressively from 30% in that month to 68% in October 
and 95% in November as water temperatures increased from ca 16 to 17.5 to 19.5
oC, 
respectively (Fig. 3.4). The prevalence of stage IV/V females was still very high in 
December (93%) when water temperatures were 21
oC. Although sample sizes were 
very low in subsequent months, due to the animals undergoing their typical season 
emigration from Cockburn Sound, a spawning female was caught in both January 
and March.  
As in the Perth region, the first of the stage IV/V females appeared in the 
south coast region as temperatures started rising from their winter minimum, and 
increased from 7% in that month (September) to 21% in October at 16.5
oC and 48% 
in November at just over 19
oC, and then declined to 8% in December at just under 
21
oC, after which no stage IV/V females were found in the following eight months 
(Fig. 3.4). 
The mean monthly water temperatures during peak spawning activity for all 
three regions were similar. In the Carnarvon region, spawning peaked in June and 
July when mean monthly water temperatures were between 21.1 and 20.8
oC, 
respectively, compared to the Perth region, where spawning peaked in November and 
December when water the mean monthly temperatures were between 19.7 to 21.1
oC, 
respectively, and the south coast region which peaked in November when the mean 
monthly water temperature was 19.1
oC (Fig. 3.4). Therefore, for all three regions 
along the coast of Western Australia, the mean monthly water temperature during 
peak spawning activity ranged only from 19 to 21
oC. However, considerable 
spawning activity did occur in both Carnarvon and Perth when the mean monthly 
water temperatures lay outside this range. Furthermore, the percentage of stage IV/V 
female P. auratus was only 8% in December in the south coast region and 4% in   
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October in the Carnarvon region, when mean monthly water temperatures lay within 
the range of 19 to 21
oC (Fig. 3.4).   
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Figure 3.4. Mean monthly water temperatures (lines) and the percentage of stage 
IV/V female Pagrus auratus (circles, percentage of fish ≥ L50). The diameter of the 
circles are graduated by the percent values of IV/V females derived in Fig. 3.1, with 
values (if > 0) displayed above for the Carnarvon (i, white circles) and Perth regions 
(ii, grey circles) and below for the south coast region (iii, black circles). The dashed 
lines represent water temperatures of 19 and 21
oC. The lines between mean monthly 
water temperatures in each region were fitted using a spline curve. On the x-axis 
open rectangles represent spring and autumn months and closed rectangles winter 
and summer months. 
 
 
 
 
3.3.4 LENGTH AND AGE AT MATURITY  
 
  The months used to provide data for determining the length and age at which 
P. auratus attains maturity in a given sampling region (Fig. 3.5) were those that were 
found to correspond to the main spawning period in that region, i.e. May to   
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September in Carnarvon, August to December in Perth and November in 2003 and 
October to November in 2004 on the south coast. The minimum total length at which 
female P. auratus possess ‘mature’ gonads (stages III to VI) was much smaller in the 
Carnarvon region, 270 mm, than in the Perth region, 375 mm, and even more 
particularly in the south coast region, 466 mm (Table 3.2). This pattern of difference 
was paralleled by that for the L50s, for which the corresponding values were 378, 585 
and 600 mm and also by the A50s, for which the corresponding values were 4.0, 5.7 
and 7.0 years (Table 3.2). The trends exhibited by the length and age at maturity for 
the males in the three regions largely mirrored those for females, with the L50 and A50 
for the Carnarvon region, 353 mm and 3.9 years, being substantially less than the 
values of 566 mm and 5.6 years for the Perth region and the 586 mm and 6.5 years 
for the south coast (Table 3.2). It should be noted that small sample sizes of 
P. auratus between 300 to 500 mm TL and age classes four and five for males and 
females from the south coast region, may be influencing the precision of estimates of 
L50 and A50, respectively.  
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Table 3.2. Summary of the lengths and ages at which 50% and 95% (L50, L95, A50 
and A95 respectively) of male and female Pagrus auratus reach sexual maturity, as 
well as the minimum length and age of mature fish (Lmin and Amin, respectively) for 
the Carnarvon, Perth and south coast regions. 
 
      Lmin  L50  L95  Amin  A50  A95 
      (mm, TL)  (mm, TL)  (mm, TL) 
n 
(yr)  (yr)  (yr) 
n 
Carnarvon                 
  Female                 
      Estimate  270  378  482  1010  3.2  4.0  6.0  406 
      Upper    388  499      4.2  6.5   
      Lower    367  467      3.7  5.5   
                   
  Male                 
      Estimate  257  353  484  938  3.1  3.9  6.2  418 
      Upper    366  504      4.1  6.9   
      Lower    340  465      3.6  5.6   
                   
Perth                 
  Female                 
      Estimate  375  585  752  708  2.8  5.7  8.0  588 
      Upper    602  784      5.9  8.6   
      Lower    567  720      5.5  7.5   
                   
  Male                 
      Estimate  407  566  730  661  2.9  5.6  8.5  561 
      Upper    583  756      5.8  9.1   
      Lower    546  691      5.3  8.0   
                   
South coast                 
  Female                 
      Estimate  466  600  899  168  3.8  7.0  15.5  172 
      Upper    635  987      8.1  26.6   
      Lower    562  809      5.9  11.8   
                   
  Male                 
      Estimate  369  586  839  172  3.1  6.5  11.5  175 
      Upper    618  909      7.2  13.4   
      Lower    550  780      5.8  10.0   
TL, total length; yr, years; n, sample size.         
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Figure 3.5.  Percentage frequency of gonads of immature (I – II, white bars) and 
mature (III – VI, grey bars) Pagrus auratus in sequential 50 mm length classes 
(sample sizes above) of females (left) and males (right) from the Carnarvon (above), 
Perth (middle) and south coast regions (bottom). Lines represent the expected 
percentage of mature individuals and 95% CIs as determined from logistic regression 
analysis.  
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Figure 3.6.  Percentage frequency of gonads of immature (I – II, white bars) and 
mature (III – VI, grey bars) Pagrus auratus in each age class (sample sizes above) of 
females (left) and males (right) from the Carnarvon (above), Perth (middle) and 
south coast regions (bottom). Lines represent the expected percentage of mature 
individuals and 95% CIs as determined from logistic regression analysis.  
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3.4 DISCUSSION 
3.4.1 TIMING AND DURATION OF THE SPAWNING PERIOD 
The fact that, in the Carnarvon region, the females of Pagrus auratus with 
ovaries with hydrated oocytes, i.e. stage V (and also with developed ovaries, i.e. 
stage IV), were found only between April and October provides overwhelming 
evidence that, in this region, this sparid spawns during the seven months between 
mid-autumn and mid-spring. However, as the prevalence of stage IV/V females were 
very low in the first and last of those months, the individuals of P. auratus in this 
sub-tropical region spawn mainly over the five months between late autumn and the 
middle of spring. The trends exhibited by the monthly values for the mean GSIs and 
abundance of larvae around Moreton Island in Queensland demonstrate that 
P. auratus spawns at a comparable time of the year at a similar latitude in eastern 
Australia (Sumpton 2002). 
In the case of the Perth region, monthly sampling in four separate years 
demonstrated that the numbers of large P. auratus in Cockburn Sound were very low 
in autumn to mid-winter and then increased sharply during late winter and spring 
(see Chapter 5, 6). The prevalences of the catches of stage IV/V females, that were 
caught in Cockburn Sound among those of all females ≥ L50 at maturity obtained 
during extensive sampling within and outside this large embayment, were very high 
in October (71.7%), November (97.8%) and December (96.5%). As mature males 
were also abundant in Cockburn Sound in these months, P. auratus clearly forms 
particularly large spawning aggregations in this marine embayment between the 
middle of spring and early summer.  
Although stage IV/V females of P. auratus were found in the Perth region in 
most months between August and March, it must be recognized that only one stage V 
female was caught in August and none was caught in September. Thus, spawning in   
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the Perth region typically commenced in October. Furthermore, the precipitous 
decline in sample sizes after December, which represents a massive emigration of 
P. auratus from Cockburn Sound (see Chapter 6), means that conclusions should not 
be drawn from the captures of a single IV/V female in both January and March. 
However, it is relevant that, in contrast to the situation in the Carnarvon region, very 
few spent (stage VI) P. auratus were caught in Cockburn Sound. This finding, 
together with the low numbers of P. auratus caught in Cockburn Sound from January 
onwards (see Chapter 6), imply that P. auratus undergoes a mass emigration from 
this embayment once it has spawned and that spawning and emigration has typically 
been completed by most fish by the end of December. As the prevalence of stage 
IV/V females and males were greatest in November and December, spawning is 
presumed to peak in these months, thereby paralleling the situation with P. auratus in 
Spencer Gulf in South Australia, which is located at a slightly higher latitude than 
Perth (Fowler & Jennings 2003; McGlennon 2004). 
The trends exhibited on the south coast of Western Australia by the monthly 
values for the mean GSI and prevalence of stage IV/V females, demonstrate that, 
while spawning typically occurs mainly in October and November, it can be very 
restricted in some years, such as 2005. This main period of spawning on the south 
coast is slightly earlier than that of P. auratus in Victoria, i.e. November/December 
(Coutin et al. 2003), and similar to that in New Zealand, i.e. October/November and 
in some years also December (Scott & Pankhurst 1992) 
The above comparisons demonstrate that the main spawning period of 
P. auratus is most protracted at the lowest latitude (Carnarvon), i.e. five months, and 
least protracted at the highest latitude (south coast), i.e. two months, with that in the 
intermediate locality (Perth) being three months. The decline in the duration of the   
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main spawning period with increasing latitude, i.e. from subtropical to temperate 
waters, parallels in general, the trend exhibited by this variable for this sparid over a 
similar latitudinal range in Australia and New Zealand (Fig. 3.7). Although the 
duration of the spawning period of Sillago schomburgkii was also greater in the 
Shark Bay than Perth regions (Coulson et al. 2005), such differences were not found 
with the sparid Rhabdosargus sarba in those regions (Hesp & Potter 2003). The 
more protracted spawning period of P. auratus at lower than higher latitudes 
parallels the situation recorded for many other fish species elsewhere in the world 
(Conover 1992; Abookire & Macewicz 2003; Kokita 2004). 
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Figure 3.7. Diagram showing the spawning periods of P. auratus at different 
locations and latitudes. (i) Carnarvon in W.A. (this study), (ii) Denham Sound in 
Shark Bay in W.A. (Jackson et al. in prep.), (iii) eastern gulf in Shark Bay in W.A. 
(Jackson et al. in prep.), (iv) Freycinet Estuary in Shark Bay in W.A. (Jackson et al. 
in prep.), (v) Qld (Sumpton 2002), (vi) Perth in W.A. (this study), (vii) Spencer Gulf 
in S.A. (McGlennon 2004), (viii) south coast in W.A. (this study), (ix) Hauraki Gulf 
in New Zealand (Crossland 1977; Scott & Pankhurst 1992) and (x) Port Phillip Bay 
in Victoria (Coutin et al. 2003). The white bars refer to the periods recorded in the 
literature and grey bars to the estimated main periods of spawning.    
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3.4.2 RELATIONSHIP BETWEEN SPAWNING PERIOD AND WATER TEMPERATURE 
The mean monthly water temperatures in four of the five main months in 
which spawning occurred in the Carnarvon region, i.e. June to September, lay at or 
just below 21
oC. Furthermore, those in the two months when the prevalence of stage 
IV/V females of P. auratus were most prevalent in the Perth region, i.e. November 
and December, were 21 and 19.5
oC and the only month in which the prevalence of 
such females in the south coast region approached 50%, i.e. November, was just over 
19
oC.  
The concentration of much of the spawning of P. auratus in three different 
regions to a period when mean monthly water temperatures covered a range of only 
2
oC provides strong circumstantial evidence to support the hypothesis that the 
spawning of this species in Western Australia is closely related to water temperature. 
It is also broadly consistent with the results of studies on this species elsewhere (e.g. 
Crossland 1980; Foscarini 1988; Pankhurst et al. 1991; Battaglene & Talbot 1992; 
McGlennon 2004). The relationship of spawning to a restricted range in water 
temperatures accounts for the fact that the spawning of P. auratus is initiated far 
earlier in Carnarvon than in the Perth region and even more particularly the south 
coast (Fig. 3.4). Furthermore, in the three years in which P. auratus was studied on 
the south coast of Western Australia, the spawning was at best very restricted in 2005 
when temperatures in that region during the spring and summer were the lowest for 
over 40 years (Bureau of Meteorology 2005; Bureau of Meteorology 2006). Inter-
annual variations in water temperatures have also been found to influence the 
spawning of P. auratus in New Zealand and South Australia, with spawning 
occurring over the shortest period in years when water temperatures were lowest 
(Scott & Pankhurst 1992; Fowler & Jennings 2003). The focussing of much of   
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spawning to an earlier period in the Carnarvon, i.e. winter and early spring, than in 
more southern regions, i.e. mid-spring to early summer, has meant that gonadal 
recrudescence (initiation of gonadal maturation) occurs as water temperatures decline 
in the former region and as it increases in the latter regions.  
 
3.4.3 LENGTHS AND AGES AT MATURITY 
  The lengths (L50) and ages (A50) of both the females and males of P. auratus at 
maturity increased markedly between the Carnarvon and Perth regions and also, but 
to a lesser extent, between the Perth and south coast regions. Thus, for example, the 
L50 and A50 for females in these three regions were 378 mm and 4.0 years for 
Carnarvon, 585 mm and 5.7 years for Perth and 600 mm and 7.0 years for the south 
coast. However, at a broad scale elsewhere in the distribution of P. auratus, these 
two variables do not undergo a clear similar trend with latitude. This point is 
illustrated by the fact that the L50 at maturity of 274 mm TL for this species in 
Queensland towards the more northern end of its distribution (Sumpton 2002), is 
similar to the corresponding L50 of ca 250 mm in New Zealand towards the 
southernmost part of its distribution (Crossland 1981).  
As with the L50s, the age of P. auratus at maturity outside Western Australia 
varies with location but does not change consistently according to latitude (e.g. 
Crossland 1981; Matsuura et al. 1987; Matsuyama et al. 1987; Coutin et al. 2003), 
with this variable differing markedly between Queensland and Denham Sound in 
Shark Bay, which are located at similar latitudes (Sumpton 2002; Jackson et al. in 
prep.).  
The decline in length at maturity with increasing latitude exhibited by 
P. auratus in Western Australia parallels the trend recorded by Abookire and 
Macewicz (2003) for the females of Dover sole Microstomus pacificus in the north   
  64 
Pacific. However, the age at maturity of the females of M. pacificus over the 
latitudinal range studied were similar. Thus, the attainment of maturity of females in 
the different populations of the Dover sole is age related and therefore the differences 
in length at maturity are attributable to differences in growth rate. This situation is 
not paralleled by P. auratus in Western Australia where, overall, the length at 
maturity is clearly not directly related to the attainment of a certain age. The fact that 
the L50 of females of 378 mm at maturity in the Carnarvon region is far lower than 
the values of ca 600 mm for this variable in the Perth and south coast regions is 
almost certainly related to the fact that the growth curve asymptotes at a far lower 
level, i.e. 674 mm, than in the other two regions, i.e. 1156 and 1021 mm, respectively 
(see Chapter 4). 
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Chapter 4 
Length and age compositions and growth of Pagrus auratus in 
Western Australian waters 
 
4.1 INTRODUCTION 
  The biochronological deposition of alternating amounts of calcium carbonate 
and protein in otoliths results in the accretion of alternating opaque and translucent 
zones. Counts of these zones in otoliths provide the basis for the most common 
method for determining the age of teleosts (Campana 1999; Campana & Thorrold 
2001) and these are typically more reliable than those obtained using other calcified 
structures, such as scales, which can be resorbed (Campana & Neilson 1985). The 
trends exhibited throughout the year by the marginal increment at the outer edge of 
the otolith and the recapture of fish that have been chemically tagged have validated 
that such major growth zones on the otoliths of numerous fish species, including 
P. auratus and other sparids, are formed annually (Francis, R.I.C.C. et al. 1992; 
Campana 2001; Fowler et al. 2004; Hesp et al. 2004c).  
The use of the numbers of growth zones (annuli) in otoliths for ageing 
individual teleosts requires sound information on the time of year when those growth 
zones are formed. The opaque zones in the otoliths of sparids often become 
delineated in the spring or early summer, i.e. they have been formed in winter and 
early spring when water temperatures are relatively low and somatic growth is 
slowest (e.g. Booth & Buxton 1997; Sarre & Potter 2000; Hall et al. 2004; Hesp et 
al. 2004c). However, there is evidence that, in the case of P. auratus, the timing of 
opaque zone formation varies among locations (Ferrell et al. 1992; Francis, R.I.C.C. 
et al. 1992; Fowler et al. 2004). For example, the outer edge of the opaque zone has   
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typically become delineated from the outer edge of the otoliths of P. auratus by 
November and December in New South Wales (Ferrell et al. 1992; Ferrell 2004) and 
New Zealand (Francis, R.I.C.C. et al. 1992), respectively, but this often does not 
occur until February in South Australia (Fowler et al. 2004).  
Sumpton (2002) has proposed that the deposition of opaque zones in the 
otoliths of P. auratus in Queensland is influenced by factors associated with 
reproduction. Beckman and Wilson (1995) have pointed out that the factors that 
influence the timing of the formation of growth zones in otoliths might be able to be 
clarified by comparing the trends exhibited by such formations in the otoliths of 
representatives of a single species over a wide range of latitudes and thus also of 
water temperatures. Such comparisons could be useful in elucidating, for example, 
whether opaque zone deposition in the otoliths of P. auratus is influenced by water 
temperature and/or gonadal development up to and during the spawning period, the 
latter of which is considered to influence the timing of the formation of such zones in 
some other sparids (Mann-Lang & Buxton 1996). 
  The age and growth of P. auratus in New Zealand and Japan were first studied 
using the number of growth zones on scales (e.g. Cassie 1956b; Jones 1981; 
Sakamoto et al. 1981; Sakamoto 1984). However, as scales can be partially resorbed 
(Casselman 1990; Campana & Thorrold 2001), such resorption could account for the 
underestimates of the true age of those fish (Paul 1976; Crossland 1981; McGlennon 
et al. 2000). The age composition and growth of populations of P. auratus have been 
studied extensively using data derived from otoliths for fish in New Zealand (e.g. 
Vooren & Coombs 1977; Paul & Tarring 1980; Horn 1986; Francis, R.I.C.C. et al. 
1992; Francis 1994b; Millar et al. 1999; Gauldie 2000) and in Queensland (Sumpton 
2002), New South Wales (Ferrell 2004), Victoria (Sanders & Powell 1979; Francis &   
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Winstanley 1989; Coutin et al. 2003) and South Australia (McGlennon et al. 2000; 
Fowler et al. 2004). As the results of these studies demonstrated that the age 
structure and growth of P.auratus varied markedly among populations, it is crucial 
that Western Australian fisheries managers have sound data for these variables for 
their main stocks of P. auratus.  
The aims of this component of the thesis, which focused on the populations 
of P. auratus in the three sampling regions, i.e. Carnarvon, Perth and south coast, 
were as follows. 1) Use marginal increment analysis to validate that an opaque zone 
is laid down annually in the otoliths of P. auratus in the above three different 
latitudinal regions and explore the basis for any variations in the timing of deposition 
of the opaque zone in those regions. 2) Determine the length and age compositions 
and growth of the populations in the three regions. 3) Use the age composition data 
to determine the extent of variation in the relative abundances of year classes and 
thereby an indication of inter-annual variations in recruitment. 4) Test the hypothesis 
that, as with a number of other fish species (e.g. Gilligan 1991; Choat & Robertson 
2002; Robertson et al. 2005a), P. auratus will grow faster and attain a greater size in 
the higher, cooler latitudes.  
 
4.2 METHODS 
4.2.1 SAMPLING AND MEASUREMENTS 
Samples of Pagrus auratus were collected in 2002 to 2006 from the 
Carnarvon, Perth and south coast regions of the Western Australian coast (Chapter 2 
and Fig. 2.1). The samples of some months in the Carnarvon region were 
supplemented by those collected previously by Dr. Mike Moran (Department of 
Fisheries, Government of Western Australia). The total length (TL) and fork length 
(FL) of each P. auratus were measured to the nearest 1 mm. Each fish was examined   
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macroscopically and recorded as male or female, except in the case of the smaller 
individuals which could not be sexed.  
 
4.2.2 TREATMENT OF OTOLITHS 
The two sagittal otoliths of each P. auratus were removed, cleaned and stored 
in paper envelopes. The right otolith of each fish was embedded in epoxy resin and, 
using a slow speed saw (Buehler Ltd.) with a diamond tipped saw blade, sectioned 
transversely through its primordium and perpendicular to the sulcus acusticus (Jenke 
2002). The mean thickness of otolith sections was 276 µm (± 9.6 µm SE). The 
sections were mounted on a glass slide with a cover slip using casting resin.  
The opaque zones on each otolith section were counted under reflected light 
at 20 to 40 times magnification, without any knowledge of the size or time of capture 
of the fish from which it had come. The first opaque zone was easily distinguished as 
its formation resulted in the development of an inflection point in the Subcupular 
Meshwork Fibre zone (SMF, Fig. 4.1, Francis, M.P. et al. 1992).  
Marginal increment analysis was used to determine whether the opaque zones 
in the sectioned otoliths of fish from the three regions were formed annually and to 
identify when they became delineated. The marginal increment is the distance to the 
edge of the otolith from the outer margin of the outermost opaque zone that is 
delineated from the edge of the otolith through the presence of a new translucent 
zone. Note however that it also includes any opaque material that is being deposited 
at the edge of the otolith and which, through the formation of a new translucent zone 
on its outer edge will become the next opaque zone. When a single opaque zone was 
present and delineated from the otolith’s edge, the marginal increment is expressed 
as a proportion of the distance between the primordium to the outermost edge of the   
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single opaque zone. When two or more opaque zones were present, and the 
outermost of those two zones are delineated from the otolith’s edge, the marginal 
increment is expressed as a proportion of the distance between the outer edges of the 
two most recently delineated opaque zones on the otolith. All measurements were 
made along the same axis and perpendicular to a line between the primordium and 
the otolith edge and as close to the sulcus acusticus on the ventral side as possible 
(Fig. 4.1a, b). The measurements were taken by capturing images of the sectioned 
otoliths using a video camera (Leica DC300) attached to the microscope, which were 
analysed on a computer using imaging software (Leica IM1000). Each otolith section 
was categorised as having either a translucent or opaque outer margin. 
The marginal increment values for otoliths with different numbers of opaque 
zones throughout the year were analysed separately for fish from each geographical 
region. Values for the marginal increments (Ct) were pooled by calendar month and 
fitted with the logistic equation Ct = Cmax / [ 1 + e 
– (a + bt)], where Ct = the marginal 
increment value at time t (days), Cmax = the average maximum marginal increment 
value and a and b = constant coefficients. Note that, as there were two very distinct 
distributions in the marginal increments in some months, the data for the distribution 
with the greater marginal increment values in each of those months when both 
cohorts were present were assigned values of t that were 365 days greater than those 
of the distribution with the smaller marginal increment values. 
The age of each P. auratus on its date of capture in each region was 
estimated, using a combination of the birth date, the time of year when the opaque 
zones on the otoliths of the majority of P. auratus become delineated in that region, 
the time of formation of the first opaque zone and the number of opaque zones. In 
addition, the question of whether the otolith of a fish possessed either a relatively   
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large or relatively small marginal increment was taken into account in those months 
when the marginal increments were represented by two distinct distributions (see 
above for the definition of these two groups). The birth date of P. auratus in each 
region was considered to be represented by the approximate peak time of spawning 
in that region, as determined from the trends in gonadosomatic indices and 
macroscopically staged gonads in monthly data. Thus, the birth date was accorded 1 
June for P. auratus in the Carnarvon region and 1 November for both the Perth and 
south coast regions (see Chapter 3). Since the 0+ cohort of P. auratus is only ca 4 
months old in Carnarvon and ca 1 month old in the Perth and south coast regions at 
the time of year when opaque zones become delineated, any opaque zone formed at 
this time would not have been able to be discriminated from the primordium. Thus, 
the age of the fish at the formation of the first distinct opaque zone was ca 16 months 
in the Carnarvon region and ca 13 months in the Perth and south coast regions.  
 
4.2.3 GROWTH 
As managers in Australia use total length for their management regulations, 
growth of P. auratus has been estimated in the present study using the total length at 
age of the individuals of this species. However, the growth rates of P. auratus 
recorded in the literature are usually derived using the fork length at age of 
individuals. Thus, the growth parameters are given for growth curves fitted both to 
fork lengths at age as well as to total lengths at age. 
  The von Bertalanffy growth equation was fitted to the lengths at age of 
individuals of P. auratus. The equation is  ) exp 1 (
) ( 0 t t k
t L L
− −
∞ − = , where Lt = the 
predicted total length (mm) at age t (years), L∞ = the asymptotic length (mm), k = the 
growth coefficient (year
-1), t = estimated age (years) and t0 = the hypothetical age   
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(years) at which fish would have zero length. Note that, as the small fish could not be 
sexed, they were randomly but equally assigned to the data sets for males and 
females.  
The growth of males and females in each of the three regions were compared 
using a likelihood-ratio test (Cerrato 1990). The null hypothesis that the growth 
curves differed was rejected when the probability of the test statistic was greater than 
0.05. The growth curves for each sex were also compared among regions. 
 
4.2.4 WATER TEMPERATURE MEASUREMENTS 
  The water temperatures used in this chapter were the same as those employed 
in Chapter 3 (see Section 3.2.3 for method of data collection).  
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Figure 4.1. Transverse sections of the sagittal otolith of a Pagrus auratus of 269 mm 
TL with one opaque zone (a, south coast region), 584 mm TL with five opaque zones 
(b, south coast region) and 885 mm TL with 20 opaque zones (c, Perth region). 
White circles, opaque zones; SA, sulcus acusticus; IP, inflection point of SMF for 
first opaque zone; SMF, Subcupular Meshwork Fibre zone; N, primordium. Green 
and red marks represent measurements used for marginal increment analysis. The 
proximal edge of the sagittal otolith is towards the top of each picture.   
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4.3 RESULTS 
4.3.1 MARGINAL INCREMENT ANALYSIS 
The first opaque zone on the otoliths of P. auratus typically became 
delineated at approximately 16 months of age in the Carnarvon region and 13 months 
of age in the Perth and south coast regions. 
The distributions of the marginal increment values for otoliths with 2-3, 4-5, 
6-7 and ≥ 8 opaque zones were clearly bimodal for those P. auratus that were caught 
in the Carnarvon region between late July and early September, i.e. the middle of the 
austral winter and early spring (Fig. 4.2). On the basis of the regression line fitted to 
individual marginal increment values for otoliths of P. auratus with two and three 
opaque zones in the Carnarvon region throughout the year, the marginal increment 
increased from less than 0.2 in August to ca 0.7 in September of the following year 
(Fig. 4.2, Table 4.1). A similar trend was displayed by the marginal increments for 
the otoliths of P. auratus with four or more opaque zones. Although fish with 
otoliths containing one opaque zone were caught in numbers in only a few months, 
the relative distributions of the points for the marginal increments for those months 
were consistent with those for otoliths with greater numbers of zones (Fig. 4.2, Table 
4.1).  
In Carnarvon, P. auratus containing otoliths with an opaque zone visible on 
their outer margin were first found in June in the case of fish with 2-3 opaque zones, 
April with those with 4-5 opaque zones and May with those with six or greater 
opaque zones (Figs 4.2, 4.5). Such a peripheral zone was found until September on 
the otoliths of at least some of those fish with those numbers of opaque zones. The 
presence of two modes in the distributions of marginal increments during July to 
September reflected the fact that a translucent zone had formed on the otoliths of   
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some fish and thus produced a particularly low value for the marginal increment in 
those months (Fig. 4.2).  
  As with P. auratus in Carnarvon, the distributions of the marginal increment 
values for the otoliths of this species were likewise bimodal in some months in the 
Perth region. However, whereas this bimodality occurred in July, August and 
September in Carnarvon, it was found predominantly in September to December in 
the Perth region (Fig. 4.3). The marginal increments on otoliths with ≥ two opaque 
zones increased on average from less than 0.2 in September to greater than 0.7 in 
December of the following year (Fig. 4.3, Table 4.1). In contrast to P. auratus in the 
Carnarvon region, otoliths with an opaque zone visible on their outer margin were 
not recorded in the Perth region until August (Figs 4.3, 4.5). By December, the 
prevalence of otoliths with an opaque zone on their outer edge, amongst the group of 
otoliths with a large marginal increment, had become very high, but fish with such 
otoliths were not found after this month. 
The trends exhibited by the marginal increment values for the otoliths of 
P. auratus on the south coast were similar to those recorded for the Perth region, but 
with the period of bimodality in the distribution of marginal increments being 
essentially restricted to October, November and December (Fig. 4.4, Table 4.2). As 
in the Perth region, fish possessing otoliths with an opaque zone visible on their outer 
margin were recorded between August and December (Figs 4.4, 4.5). 
From the data shown in Figs 4.2 to 4.4, it is evident that, in each region and 
irrespective of the number of opaque zones, the marginal increment values increased 
progressively from their minima at some time between July and October to their 
maxima in the same months of the following year. The fact that the distributions 
were typically bimodal during those months, due to the fact that a translucent zone   
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had only become visible on the outer edge of the otoliths of some individuals at that 
time and thus led to the delineation of the outermost opaque zone, demonstrates that 
a single opaque zone is formed in the otoliths of P. auratus each year. Thus, the 
number of opaque zones in the otoliths of P. auratus can be used for ageing the 
individuals of this species in each region. 
In Carnarvon, P. auratus with an opaque zone on the outer edge of their 
otoliths were found during the period when water temperatures were declining and at 
their minima, i.e. winter to early spring (Fig. 4.5). In contrast, fish with such otoliths 
in the Perth and south coast regions were found during the period when water 
temperatures were at and rising from their minima, i.e. mid-winter to early summer. 
The periods when the opaque zone was visible on the periphery of the otoliths of at 
least some P. auratus in the Carnarvon and Perth regions coincided with the main 
part of the respective spawning periods of this species in those two regions, but was 
slightly longer than the spawning period on the south coast (Fig. 4.5).   
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Figure 4.2.  Distribution of the marginal increment values (Ct) for sagittal otoliths of 
Pagrus auratus with translucent (grey circles) and opaque (white triangles) outer 
margins in each month in the Carnarvon region. Otoliths have been separated, as 
follows, into groups according to the number of opaque zones they possess. (a) One 
zone, (b) two and three zones, (c) four and five zones, (d) six and seven zones and (e) 
≥ eight zones. Sample size for each month is shown. A logistic regression function 
has been fitted to the Ci values (black line). On the x-axis, closed rectangles represent 
winter and summer months and open rectangles the spring and autumn months.   
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Figure 4.3.  Distribution of the marginal increment values (Ct) for sagittal otoliths of 
Pagrus auratus with translucent (grey circles) and opaque (white triangles) outer 
margins in each month in the Perth region. Otoliths have been separated, as follows, 
into groups according to the number of opaque zones they possess. (a) One zone, (b) 
two and three zones, (c) four and five zones, (d) six and seven zones and (e) ≥ eight 
zones. Sample size for each month is shown. A logistic regression function has been 
fitted to the Ci values (black line). On the x-axis, closed rectangles represent winter 
and summer months and open rectangles the spring and autumn months.   
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Figure 4.4.  Distribution of the marginal increment values (Ct) for sagittal otoliths of 
Pagrus auratus with translucent (grey circles) and opaque (white triangles) outer 
margins in each month in the south coast region. Otoliths have been separated, as 
follows, into groups according to the number of opaque zones they possess. (a) One 
zone, (b) two and three zones, (c) four and five zones, (d) six and seven zones and (e) 
≥ eight zones. Sample size for each month is shown. A logistic regression function 
has been fitted to the Ci values (black line). On the x-axis, closed rectangles represent 
winter and summer months and open rectangles the spring and autumn months.   
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Figure 4.5. Mean monthly water temperatures ±1 SE
 for the (i) Carnarvon, (ii) Perth 
and (iii) south coast regions. Grey bars, spawning period; black bars, period when 
opaque zone is typically visible on the outer edge of otoliths. On the x-axis (above 
and below) black rectangles represent winter and summer months and white 
rectangles the spring and autumn months. 
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Table 4.1. Parameters of the logistic regression functions fitted to individual 
marginal increment values (Ct) of sagittal otoliths of Pagrus auratus with different 
numbers of opaque zones in the Carnarvon and Perth regions. 
 
      Cmax  a  b  r
2 
Carnarvon         
  1 zone         
    Estimate  Insufficient data     
    Upper         
    Lower         
  2 to 3 zones         
    Estimate  0.69  -1.24  0.008  0.58 
    Upper  0.81  -1.02  0.011   
    Lower  0.56  -1.46  0.005   
  4 to 5 zones         
    Estimate  0.82  -1.63  0.009  0.72 
    Upper  0.94  -1.45  0.010   
    Lower  0.70  -1.80  0.007   
  6 to 7 zones         
    Estimate  0.94  -1.68  0.007  0.72 
    Upper  1.26  -1.36  0.009   
    Lower  0.62  -2.00  0.004   
  >8 zones         
    Estimate  0.97  -1.70  0.007  0.77 
    Upper  1.25  -1.41  0.009   
    Lower  0.68  -2.00  0.005   
Perth           
  1 zone         
    Estimate  Insufficient data     
    Upper         
    Lower         
  2 to 3 zones         
    Estimate  0.73  -2.19  0.009  0.69 
    Upper  0.84  -1.87  0.011   
    Lower  0.62  -2.52  0.007   
  4 to 5 zones         
    Estimate  0.92  -1.95  0.007  0.75 
    Upper  1.08  -1.79  0.008   
    Lower  0.76  -2.11  0.006   
  6 to 7 zones         
    Estimate  0.88  -1.93  0.008  0.82 
    Upper  0.98  -1.67  0.010   
    Lower  0.79  -2.19  0.006   
  >8 zones         
    Estimate  0.92  -2.06  0.008  0.85 
    Upper  1.01  -1.89  0.010   
      Lower  0.83   -2.24  0.007    
Cmax, Hypothetical asymptote of completion index of the marginal increment (Ct), a and b, constants, 
r
2, coefficient of determination. 
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Table 4.2. Parameters of the logistic regression functions fitted to individual 
marginal increment values (Ct) of sagittal otoliths of Pagrus auratus with different 
numbers of opaque zones in the south coast region. 
 
 
      Cmax  a  b  r
2 
Albany           
  1 zone         
    Estimate  0.42  -2.49  0.014  0.73 
    Upper  0.50  -1.58  0.020   
    Lower  0.35  -3.40  0.008   
  2 to 3 zones         
    Estimate  0.60  -2.46  0.016  0.71 
    Upper  0.69  -1.84  0.020   
    Lower  0.52  -3.08  0.011   
  4 to 5 zones         
    Estimate  0.70  -1.55  0.012  0.67 
    Upper  0.78  -1.15  0.016   
    Lower  0.62  -1.96  0.008   
  6 to 7 zones         
    Estimate  0.71  -3.73  0.013  0.72 
    Upper  0.74  -3.11  0.015   
    Lower  0.68  -4.34  0.011   
  >8 zones         
    Estimate  0.80  -1.90  0.011  0.82 
    Upper  0.86  -1.73  0.013   
      Lower  0.75  -2.07  0.009    
Cmax, Hypothetical asymptote of completion index of the marginal increment (Ct), a and b, constants,  
r
2, coefficient of determination. 
 
4.3.2 LENGTH AND AGE COMPOSITIONS 
  The length compositions of the females and males of P. auratus in the 
Carnarvon, Perth and south coast regions were very similar, but those of both sexes 
did differ markedly between regions (Fig. 4.6). Pagrus auratus less than the 
minimum legal length (MLL) of 410 mm TL were poorly represented in the samples, 
because the majority of fish were obtained by commercial and recreational fishers 
who are obliged to adhere to this MLL. The source of samples, i.e. predominantly 
line and long line fishing (Table 4.3), also accounts for the particular age 
compositions of the fish. Thus, the numbers of fish with ages less than that at which 
they reach the MLL, i.e. 3.9, 3.3 and 3.7 years for the Carnarvon, Perth and south   
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coast regions, respectively, as estimated from the von Bertalanffy growth equations 
(Table 4.4), were low.  
 
Table 4.3. Summary of the sample sizes and percentage contributions of P. auratus 
collected by each method of capture in each sampling region in 2002 to 2006. 
 
Carnarvon  Perth  South coast 
Method 
n  %  n  %  n  % 
Line  1583  88.6  1597  62.9  2210  97.4 
Longline  0  0.0  773  30.5  9  0.4 
Trawl  204  11.4  158  6.2  0  0.0 
Gillnet  0  0.0  10  0.4  51  2.2 
Total  1787     2538     2270    
  n, sample size; %, percentage. 
 
One broad mode was present in the length-frequency distributions for the 
females and even more particularly the males of P. auratus in the Carnarvon region 
(Fig. 4.6). The lengths of the majority of fish ranged from just above the MLL of 410 
to 600 mm and the percentage of the catch of both females and males collectively 
that exceeded 700 mm was only 5.3%. In contrast to the situation in Carnarvon, the 
length-frequency distributions for Perth region were markedly bimodal (Fig. 4.6). 
Fish between the MLL of 410 and 500 mm made the greatest contribution to the first 
mode, while those from 780 to 920 mm contributed most to the second mode. 
Although the length-frequency distributions of both sexes in samples from the south 
coast were essentially unimodal, as they were in Carnarvon, the locations of the 
modes in the two regions were very different, with those of the more southern region 
resulting from the presence of fish with lengths lying mainly between 550 and 750 
mm (Fig. 4.6).   
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The age-frequency distributions for P. auratus in the three regions largely 
parallel those of the length-frequency distributions, but with the bimodality in the 
Perth region being far less pronounced (Fig. 4.7).    
Although 41.2% of the P. auratus obtained from the Carnarvon region were 
more than eight years old in 2003, the corresponding values for 2004 and 2005 were 
far lower, i.e. 13.9 and 10.5%, respectively (Fig. 4.8). Furthermore, the age-
frequency distribution was essentially bimodal in 2003, but unimodal in 2004 and 
2005. The modal age class in both 2004 and 2005 was 5 years, which was the same 
as that of the main part of the distribution in 2003. The contributions of the 1991 year 
class to the total catches declined markedly between 2003 and 2005 (Fig. 4.8). 
In 2002, the vast majority (94.7%) of the P. auratus caught outside Cockburn 
Sound in the Perth region were ≤ 5 years old, whereas all but one of those caught 
inside this marine embayment were more than five years old (Fig. 4.9). Similar but 
slightly less pronounced trends were exhibited by the catches obtained in 2003 and 
2004. Note, however, that specific targeting of small fish in 2004 did lead to the 
capture of 0+ and 1+ fish. The 2000 year class was the best represented cohort in the 
waters outside Cockburn Sound in all three years. Although the 1991 year class was 
likewise well represented in the marine embayment in each of those years, the 1992 
year class declined markedly in abundance in the catches between 2003 and 2004. 
The 1996 year class was very well represented in 2003 and 2004 (Fig. 4.9). 
The 1996 year class dominated the catches obtained from the south coast 
region in each year (Fig. 4.10). Consequently, the 7, 8 and 9 age cohorts were by far 
the strongest cohorts in 2003, 2004 and 2005, respectively. 
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4.3.3 GROWTH 
The von Bertalanffy growth curves provided good fits to the total lengths at 
age for the females and males of P. auratus in each of the Carnarvon, Perth and 
south coast regions, as is demonstrated by the high values of 0.83 to 0.89 for the 
coefficient of determination (Table 4.4) (see Table 4.5 for parameters of growth 
curves fitted to fork lengths at age). Statistically, the von Bertalanffy growth curves 
for the two sexes in each region were significantly different (p < 0.05, Figs 4.11, 
4.12). However, the differences in the estimated lengths, from the von Bertalanffy 
equation, of the females and males at 15 years of age, below which most of the data 
resides, were small for P. auratus in both the Perth (1.4%) and south coast regions 
(1.9%) and are thus considered of limited biological relevance. However, the 
corresponding percentage difference for fish from the Carnarvon region was higher 
(6.3%) and may thus be of biological significance. In view of the above differences 
in the Carnarvon region, the length-at-age data were kept separate for females and 
males in each region for the purpose of comparing the growth curves in the three 
regions. However, in order to facilitate comparisons with the details on growth of 
other stocks of P. auratus, and as a common growth curve is traditionally used for 
assessing the status of the stocks of this species, the von Bertalanffy growth 
parameters for both sexes collectively are given in Table 4.4. 
The von Bertalanffy growth curves for the females and males in the 
Carnarvon region were significantly different from those for the corresponding sexes 
in both the Perth and south coast regions (p < 0.001), and those for females and 
males in the Perth region differed significantly from those of the corresponding sexes 
in the south coast region (p < 0.01). This point is illustrated by the fact that, in the 
von Bertalanffy equations for females, the asymptotic length, L∞, was far less for   
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P. auratus in the Carnarvon region (674 mm) than for both the Perth region (1156 
mm) and south coast region (1021 mm) (Table 4.4). In contrast, the values for the 
growth coefficient, k, for females (0.23 year
-1) and males (0.28 year
-1) in the 
Carnarvon region were greater than those of both sexes in both the Perth and south 
coast regions (all 0.12 year
-1). The above differences in the von Bertalanffy growth 
curves for P. auratus in the different regions are reflected in the fact that the growth 
curves, and particularly those of fish from Carnarvon and Perth, increasingly diverge 
after fish have reached three years of age (Fig. 4.12).  
The respective maximum recorded lengths and ages for P. auratus were 
864 mm and 30 years at Carnarvon, 1056 mm and 29 years at Perth and 1083 mm 
and 38 years for the south coast (Table 4.4).  
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Figure 4.6. Length-frequency histograms for females (white bars, above x-axis) and 
males (grey bars, below x-axis) of Pagrus auratus from the Carnarvon, Perth and 
south coast regions in 2002 to 2006. The solid lines represent data smoothed using a 
moving average of five and the dashed, red line represents the MLL of 410 mm TL.   
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Figure 4.7. Age-frequency histograms for females (white bars, above x-axis) and 
males (grey bars, below x-axis) of Pagrus auratus from the Carnarvon, Perth and 
south coast regions in 2002 to 2006.    
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Figure 4.8. Percentage frequency of occurrence of sequential age cohorts of Pagrus 
auratus in the Carnarvon region in 2003, 2004 and 2005. Because the vast majority 
of P. auratus was caught during the spawning period, the age accorded to a given 
fish will differ by one year, depending on whether it is caught prior to or after the 
estimated peak time of spawning, i.e. the birth date. Thus, to overcome this problem, 
the age assigned to each fish in this Fig. and 4.8 and 4.9 represents the nearest whole 
age at the time of capture. The age cohorts that corresponds to the 1991 year class, 
which was particularly strong amongst the older age classes in 2003, is denoted by 
an arrow in each of the three frequency distributions.    
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Figure 4.9. Percentage frequency of occurrence of sequential age cohorts of Pagrus 
auratus in Cockburn Sound (white bars) and outside this embayment (grey bars) in 
the Perth region in 2002, 2003 and 2004. The age cohorts that correspond to strong 
year classes are denoted by arrows in each of the three frequency distributions.    
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Figure 4.10. Percentage frequency of occurrence of sequential age cohorts of Pagrus 
auratus in the south coast region in 2003, 2004 and 2005. The age cohorts that 
correspond to strong year classes are denoted by arrows in each of the three 
frequency distributions.    
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Figure 4.11.  von Bertalanffy growth curves fitted to lengths at age of females (grey 
circles), males (grey circles) and unsexed (white triangles) of Pagrus auratus from 
the Carnarvon, Perth and south coast regions.   
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Figure 4.12. von Bertalanffy growth curves (± 95% confidence intervals) for females 
and males of Pagrus auratus from the Carnarvon, Perth and south coast regions. 
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Table 4.4. von Bertalanffy growth parameters for females and males of Pagrus 
auratus in the three sampling regions. 
 
   
L∞ 
(mm, TL) 
k 
(yr
-1) 
to 
(yr)  Amax  Lmax  n  r
2 
Carnarvon                 
  Female               
       Estimate  674  0.23  -0.28  30.0  864  726  0.89 
       Upper  691  0.25  -0.17         
       Lower  657  0.21  -0.40         
                 
  Male               
       Estimate  622  0.28  -0.16  22.1  840  661  0.88 
       Upper  639  0.31  -0.05         
       Lower  605  0.26  -0.27         
                 
Perth                 
  Female               
       Estimate  1150  0.12  -0.41  24.8  1051  872  0.89 
       Upper  1199  0.13  -0.22         
       Lower  1101  0.11  -0.60         
                 
  Male               
       Estimate  1127  0.12  -0.46  28.8  1056  793  0.88 
       Upper  1178  0.13  -0.24         
       Lower  1075  0.11  -0.67         
                 
South coast                 
  Female               
       Estimate  1013  0.11  -0.94  29.4  1083  892  0.83 
       Upper  1065  0.13  -0.65         
       Lower  962  0.10  -1.23         
                 
  Male               
       Estimate  950  0.13  -0.61  37.8  999  818  0.84 
       Upper  989  0.15  -0.36         
       Lower  911  0.12  -0.86         
                 
Sexes combined                 
  Carnarvon               
       Estimate  662  0.24  -0.24  1608  0.87 
       Upper  673  0.25  -0.16     
       Lower  650  0.23  -0.33 
   
   
                 
  Perth               
       Estimate  1136  0.12  -0.42  1689  0.88 
       Upper  1171  0.13  -0.27     
       Lower  1101  0.11  -0.56 
   
   
                 
  South coast               
       Estimate  986  0.11  -1.22  2094  0.84 
       Upper  1017  0.12  -1.05     
       Lower  956  0.11  -1.38 
   
   
L∞, hypothetical asymptotic length at an infinite age, TL, total length, k, growth coefficient, 
to, hypothetical age at zero length, Amax, maximum age, Lmax, maximum length, n, sample 
size, r
2, coefficient of determination. 
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4.4 DISCUSSION 
4.4.1 FORMATION OF OPAQUE ZONE ON OTOLITHS 
  The trends exhibited throughout the year by the values for the marginal 
increments on the otoliths of P. auratus in different climatic regions of Western 
Australia, together with the times when the opaque zones become visible on the 
periphery of otoliths and spawning occurs, provide information that can be used to 
consider the factors that could influence the formation of such opaque zones. Any 
inferences drawn from these data need to take into account the fact that opaque zones 
become visible on the periphery of otoliths only after sufficient opaque material has 
been deposited and thus after a presumably short but indeterminate period of initial 
deposition of opaque material. Despite this qualification, the data shown in Fig. 4.5 
clearly imply that opaque zone formation commences earlier in the calendar year and 
is clearly completed earlier in the otoliths of fish from Carnarvon than in those from 
either the Perth or the south coast regions.  
     From the above, it follows that opaque material is deposited in the otoliths of 
P. auratus while temperatures are declining and at their minima in the Carnarvon 
region and while they are at and rising from their minima in the Perth region. Thus, 
although deposition of opaque material in the otoliths of P. auratus occurs 
predominantly in the months when water temperatures are relatively low in each 
region, it is not related directly to the pattern of change in water temperature. It thus 
appears relevant that an opaque zone is visible on the margin of the otoliths of 
P. auratus from both Carnarvon and Perth at times that coincide with the respective 
and different spawning periods in those two regions. This suggests that, among 
mature fish, the diversion of energy reserves towards reproductive investment rather 
than somatic growth is reflected to some degree in the timing of opaque zone 
development. It thus appears feasible that the deposition of opaque zones in the   
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otoliths of mature P. auratus is influenced by changes in metabolism associated with 
both reduced water temperatures and reproductive activity.  
Although the opaque zones in the otoliths of P. auratus in higher latitudes are 
typically formed during the cooler months of the year (e.g. Paul 1976; Francis, 
R.I.C.C. et al. 1992; Ferrell 2004), such formation in a South Australian population 
of P. auratus occurred over six months and extended into February when water 
temperatures were close to their maxima (Fowler et al. 2004). The fact that the 
spawning period in South Australia occurs between October and February (Jones 
1981; McGlennon 2004) provides evidence that the change from deposition of 
opaque to translucent material did not occur until the influence of reproductive 
activities had ceased. The view that gonadal development could influence the 
deposition of opaque material in the otoliths of P. auratus is consistent with the 
results of comparisons between the otoliths of Oreochromis niloticus that had been 
gonadectomized with those in which the gonads had been left in place (Massou et al. 
2004). In those experiments, the growth of the otoliths was less in the fish in which 
the gonads had not been removed. Moreover, an opaque zone was found to be 
deposited at the time of gonadal maturation and reproduction in some other sparid 
species (Mann-Lang & Buxton 1996), but deposition at such times is not a universal 
feature of the members of this family (Sarre & Potter 2000).   
The fact that the marginal increment trends for the juveniles of P. auratus in 
Western Australia parallel those of the adults raises the question as to why this 
should be the case if reproductive activity exerts an important influence on the 
formation of opaque zones. This point was also made by Fowler (1995) when 
reviewing the situation found in coral reef fish. Sumpton (2002) stated that, in 
Queensland, opaque zones are formed in a proportion of adult P. auratus prior to   
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winter, i.e. prior to the spawning period,  compared with during spring in the 
juveniles. Furthermore, on the south coast, where spawning occurs over a relatively 
short period and in some years is negligible, the opaque zones start developing prior 
to the commencement of the spawning period. 
In summary, it has not been possible to determine precisely which factor or 
factors are mainly responsible for influencing the deposition of opaque zones on the 
otoliths of P. auratus in Western Australia. Furthermore, the ways in which opaque 
zone formation is affected by water temperature and/or reproductive development 
may well differ among regions in which, as during the current study, the 
environmental conditions themselves differ greatly. 
 
4.4.2 VARIATIONS IN YEAR CLASS STRENGTH 
  The results of this study showed that the size structure of the populations of 
P. auratus in the Carnarvon, Perth and south coast regions differed markedly 
(Fig. 4.6). As would normally be expected in a heavily exploited fishery, the 
numbers of fish caught in the Perth and Carnarvon regions rose sharply as the length 
of P. auratus reached the MLL of 410 mm. However, the same trend was not 
observed on the south coast where the numbers of P. auratus did not start rising 
conspicuously until well above the MLL. The above differences are explained by the 
fact that, while younger age cohorts, i.e. 3+ and 4+, were very well represented in 
Carnarvon and Perth, they were poorly represented on the south coast.  
  The very pronounced bimodality in the length-frequency distributions for 
P. auratus in the Perth region contrasts markedly with the situation in both the 
Carnarvon and south coast regions. The P. auratus constituting the large second   
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mode in the Perth region were almost exclusively mature individuals that aggregate 
and spawn each year in Cockburn Sound (Chapters 3, 5, 6).  
The age-frequency data for Carnarvon show that, in 2003, 2004 and 2005, 
P. auratus started to be caught in substantial numbers when they had reached an age 
equivalent to approximately that at which the MLL is attained, i.e. 4 years of age, 
with their numbers peaking one year later. The very marked decline in the proportion 
of fish above 8 years old in the samples collected between 2003 and both 2004 and 
2005 implies that fishing exploitation has had a pronounced influence on the 
abundance of the older age classes. This fall is illustrated very clearly by the marked 
decline that occurred in the initially very strong 1991 year class (and also 1992 year 
class) between 2003 and 2005. 
The age-frequency distributions for P. auratus in Cockburn Sound in the 
Perth region demonstrate that the catches of fish > 7+ years were dominated by the 
1991 and 1992 year classes in 2002, 2003 and 2004 and also by the 1996 year class 
in the last two of those years. The fact that the 1996 year class did not become 
abundant in the catches until 2003 suggests that individuals of P. auratus do not 
typically aggregate in Cockburn Sound until they are 7 years of age. Although 
relatively few older fish were caught in Cockburn Sound in 2002, 2003 or 2004, it 
was encouraging that the 1991 year class, which corresponded to the oldest cohort 
that was well represented in each year, remained relatively strong throughout the 
three years. 
The fact that, on the south coast, the catches were dominated to such a 
marked extent by the 1996 year class and those for some years were very low is 
consistent with the evidence that spawning on this coast was very limited in some   
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years (see Chapter 3). The strength of the 1996 year class on the south coast parallels 
the situation in Cockburn Sound. 
It appears noteworthy that the 1991 year class was particularly strong in 
Carnarvon and Cockburn Sound and probably in the south coast region, and also in 
South Australia (Fowler et al. 2005). This suggests that, in that year, environmental 
conditions were particularly favourable for spawning and subsequent recruitment in 
Western Australia and South Australia. Fowler and Jennings (2003) found that, on 
the basis of a three year study of 0+ P. auratus in South Australia, the recruitment of 
the juveniles of this sparid was greatest in the year when summer water temperatures 
were warmest and least in the year when they were coldest. Furthermore, this 
parallels the situation in Port Phillip Bay in Victoria, which is a major nursery area 
for P. auratus in that state (Hamer & Jenkins 2004; Hamer et al. 2005). Moreover, in 
New Zealand, the recruitment of 0+ P. auratus was found to be positively correlated 
with water temperature in the five months following spawning (Francis 1993; Francis 
et al. 1997). Although, on the basis for data since 1990 (Reynolds 1988; Reynolds & 
Smith 1994), water temperatures in Carnarvon were above average in the winter of 
1991, when spawning would have occurred, those for the subsequent spring and 
early summer months were the coldest recorded for those years. Water temperatures 
in spring and early summer in the Perth and south coast regions in 1991, when 
spawning and settlement would have occurred, were the lowest during the above 
period, but were the highest in those months in those regions in 1996, when, like 
1991, recruitment was particularly strong (Reynolds 1988; Reynolds & Smith 1994). 
There thus does not seem to be any clear overall relationship between the recruitment 
of P. auratus and water temperature in Western Australian waters. 
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4.4.3 GROWTH 
  As was hypothesised, P. auratus, during its main growth phase grew more 
rapidly in the warm temperate region of Perth than in the sub-tropical region of 
Carnarvon further to the north on the west coast of Australia. This point is illustrated 
by the fact that, by ten years of age, the von Bertalanffy growth equations show that 
the females, for example, have reached, on average, ca 820 mm in the Perth region 
compared with only ca 610 mm in the Carnarvon region. Furthermore, and again as 
hypothesised, the maximum length was far greater for the population in the Perth 
than Carnarvon regions, i.e. 1056 vs 864 mm.  
Pagrus auratus also grows far more rapidly and reaches a larger size on the 
temperate south coast of Western Australia than at Carnarvon, with females attaining 
a length of ca 720 mm at ten years of age and having a maximum length 1083 mm. 
However, although growth is not as rapid on the south coast as in the Perth region, 
the maximum recorded length on the south coast was greater. 
 
4.4.4. COMPARISONS WITH OTHER SNAPPER POPULATIONS  
Comparisons of the parameters for von Bertalanffy growth curves recorded 
for P. auratus in Australia and New Zealand have been collated and shown in Table 
4.5. The fork lengths at 5, 10 and 20 years have been calculated for those of these 
curves where t0 was > -2 years and a quadratic curve was fitted to describe the 
relationship between the estimated lengths at each of the above ages and the latitude 
of the region studied (Fig. 4.13). This plot demonstrated that, for each age, the 
lengths increased to reach a peak at ca 31
oS and then declined. This trend suggests 
that the growth of P. auratus is optimal towards the mid-part of the latitudinal range 
of this species, which contrasts with the situation found with certain other fish 
species (Gilligan 1991; Choat & Robertson 2002; Robertson et al. 2005b).   
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Table 4.5. The relationship between age and length (FL) for Pagrus auratus from 
Australia and New Zealand, described using the von Bertalanffy growth equation 
that employed age estimates using sectioned otoliths. Note that as previous studies 
have used fork length rather than total length, the parameters recorded in the current 
study have been fitted to the age at corresponding fork lengths. 
 
L ∞  k t o 
(mm, FL) (yr
-1) (yr)
Western Australia
Eastern Gulf, Shark Bay 25.8 784 0.158 -0.09 Jackson et al. (in prep.)
Denhem Sound, Shark Bay 25.3 727 0.152 -0.06
Freycinet Estuary, Shark Bay 26.4 771 0.161 0.06
Carnarvon  25 566 0.248 -0.05 This study
Perth 32 1004 0.12 -0.23
South coast 35 876 0.109 -1.15
South Australia
various 902 0.194 -2.86 McGlennon (2004)
Northern Spencer Gulf 33.3 984 0.124 -0.35 Fowler et al. (2004)
Southern Spencer Gulf 34.6 632 0.21 -0.11
Northern Gulf St Vincent 34.6 907 0.159 -0.08
Southern Gulf St Vincent 35.4 895 0.131 -0.06
Victoria
various 38.1 857 0.119 0 Coutin et al. (2003)
New South Wales
various 34 574 0.138 -2.29 Ferrell (2004)
Queensland
various 27.3 792 0.082 -2.45 Sumpton (2002)
New Zealand
various 720 0.106 -0.75 Francis et al. (1992)b)
Hauraki Gulf 36.6 382 0.23 -0.61 Vooren & Coombs (1977)
Hauraki Gulf 36.6 588 0.102 -1.11 Gilbert & Sullivan (1994)
West coast 37.5 667 0.16 -0.11
Location Latitude (
oS) Reference
 
 L∞, hypothetical asymptotic length at age infinity, k, growth coefficient, to, hypothetical age at zero 
length. 
 
   
  101 
Latitude (oS)
-40 -38 -36 -34 -32 -30 -28 -26 -24
F
o
r
k
 
l
e
n
g
t
h
 
(
c
m
)
20
40
60
80
100
5 years, r2 = 0.67
10 years, r2 = 0.63
20 years, r2 = 0.60
 
Figure 4.13. Quadratic curves fitted to estimated lengths at ages 5, 10 and 20 years 
from von Bertalanffy growth parameters of P. auratus at various locations in 
Australia and New Zealand (see Table 4.5). Note that the data have been restricted to 
those studies where t0 > -2 years. Data for Fowler (2004) in South Australia represent 
average values for the four areas he studied. 
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Chapter 5 
Annual, lunar and diel reproductive cycles of Pagrus auratus in 
Cockburn Sound 
 
5.1 INTRODUCTION 
Three temporal scales need to be considered when studying the reproductive 
cycles of temperate fish species, i.e. annual, lunar and diel (Munro 1990). The annual 
reproductive cycle, and thus the time of spawning, is strongly influenced by 
environmental variables such as water temperature (see Chapter 3). Thus, the 
spawning season of each teleost species in temperate waters occurs during a 
particular period each year. For example, the majority of teleosts in the temperate 
waters of the lower west coast of Western Australia spawn during spring and summer 
(e.g. Hyndes & Potter 1997; Sarre & Potter 1999; Hesp et al. 2001). The relative 
abundance of the early life cycle stages of some fish species in nearshore temperate 
waters have been shown to be influenced by the magnitude of the phytoplankton 
bloom in spring (Townsend & Cammen 1988).  
The spawning of certain fish species is strongly correlated with lunar and 
tidal cycles, recognising that such cycles tend to be interrelated (e.g. Lobel 1978; 
Sadovy et al. 1994; Samoilys 1997; Hesp et al. 2004b). For example, broadcast 
spawning by a number of species is concentrated around the new and full moons, and 
thus also when tidal action is greatest (Ross 1983; Davis & West 1993). Such 
spawning behaviour maximises the dispersal of pelagic eggs from the spawning 
areas, which, in certain cases, enhances the likelihood of overall larval survival by 
increasing the chance that some of those larvae will settle in favourable habitats 
(Domeier & Colin 1997). In contrast, the tides may distribute larvae over shorter   
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distances in areas where, for example, there are eddies which can thus facilitate the 
retention of eggs and larvae in habitats that constitute particularly suitable nursery 
areas for that species (Lobel 1978; Ross 1983). This situation essentially applies to 
P. auratus in Shark Bay (Nahas et al. 2003). The spawning of a number of species in 
the period around the new moon may also increase the likelihood of larval survival 
through reducing the risk of predation during these periods of low light intensity 
(Sadovy et al. 1994; Samoilys 1997). 
Spawning is often not only influenced by a particular lunar/tidal regime, but 
also by the time of day. Thus, for example, many marine fish species spawn around 
dusk (Lobel 1978; Craig 1998; Sancho et al. 2000; Heyman et al. 2005), which 
would reduce the likelihood of predation because the eggs are released in a period 
immediately prior to the full hours of darkness. However, some other species spawn 
during the hours in which the tide turns thereby providing the eggs with the 
maximum time on either an ebb or flood tide (Ross 1983; Hesp et al. 2004b).  
The results and discussion in Chapter 3 demonstrate that the spawning period 
of P. auratus varies greatly among regions, occurring mainly in the winter in lower 
latitudes and in the spring/summer in higher latitudes. Furthermore, the extent to 
which spawning is influenced by diel effects is also reported to vary among regions. 
Thus, whereas spawning was not found to be influenced by diel effects in Shark Bay 
(Jackson & Cheng 2001), studies in Hauraki Gulf in New Zealand found evidence 
that P. auratus spawned between midday and late afternoon (Crossland 1980; Scott 
et al. 1993; Zeldis & Francis 1998), but with spawning tending to occur increasingly 
earlier in the day as the spawning season progressed (Crossland 1980). Likewise, in 
South Australia, analysis of data on snapper eggs collected during ichthyoplankton   
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sampling, indicated that spawning occurred between 1400 to 2400 h (McGlennon 
2004). 
The aims of this part of the thesis, which were conducted in Cockburn Sound, 
were as follows. 1) Determine the relative abundances of P. auratus eggs and 
prevalence of spawning females during the spawning period in four consecutive 
years in order to elucidate when and where spawning peaks in this marine 
embayment. 2) Elucidate the extent to which spawning is related to water 
temperature and thereby refine the inferences in Chapter 3. 3) Test the hypothesis 
that P. auratus spawns mainly around the new and/or full moons, thereby providing 
conditions that are likely to enhance the survival of eggs and larvae. 4) Estimate the 
time that P. auratus eggs take to reach each of 19 successive developmental stages 
and extrapolate from the ages of these stages to determine the time of day when 
P. auratus in Cockburn Sound typically spawns. 5) Determine the spatial distribution 
of the early developmental stages of the eggs of P. auratus in Cockburn Sound at 
different times during the spawning periods in four consecutive years and thus 
elucidate the precise location(s) of spawning within this embayment and whether that 
location(s) varies among years. 6) Conduct similar sampling of eggs in open waters 
surrounding Cockburn Sound to ascertain whether P. auratus undertakes significant 
spawning outside this embayment.  
 
5.2 METHODS 
5.2.1 TEMPORAL AND SPATIAL DISTRIBUTIONS OF EGGS 
Ichthyoplankton was sampled during daylight in Cockburn Sound on each of 
four new moons in each spawning period, i.e. between September and January, of 
2002, 2003 and 2004. Sampling was also undertaken in the waters surrounding 
Cockburn Sound on each day to either side of the new moon in October and   
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November of 2003. The 81 sampling stations extended from Owen Anchorage to 
Warnbro Sound and included 30 stations located within Cockburn Sound (Fig. 5.1). 
The 81 stations were arranged in a grid formation with the distances between stations 
being 1’ of latitude and longitude in Cockburn and Warnbro Sounds and 1.5’ in 
Owen Anchorage and west of Garden Island. Sampling involved the use of a double 
bongo net, each with a 60 cm diameter opening and consisting of 500 µm mesh. The 
nets were towed obliquely for 2 min. at approximately 2 knots. The warp (length of 
rope) used for each tow was approximately 2.5 times the depth at each station, 
allowing the net to sample the neutrally-buoyant eggs from just above the substrate 
to the surface of the water column. The volume of water filtered was measured using 
a ‘General Oceanics’ flowmeter fitted in the centre of one of the net openings. The 
contents of the two cod ends of each tow were sieved into a 500 ml jar containing 5% 
buffered formaldehyde.  
Data collected previously using the same sampling gear on the four new 
moons during the 2001 spawning season at 45 stations in Cockburn Sound were 
included in the analysis (Wakefield 2002, unpub. honours thesis). These 45 stations 
included the 30 that were subsequently sampled in 2002 to 2004.  
Sea surface temperature (SST) and salinity were measured at each station at 
the time of sampling.  
Snapper eggs were identified in the samples on the basis of the following 
unique combination of characteristics, i.e. a chorion diameter ranging from 0.8 to 1.0 
mm and a particularly prominent oil globule with a diameter ranging from 0.15 to 
0.25 mm (Wakefield 2002, unpub. honours thesis). Each snapper egg was then 
allocated to 1 of 19 developmental stages using the criteria of Norriss and Jackson 
(2002).  The concentration of eggs at each station on each sampling occasion was   
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calculated by dividing the number of eggs in the tow by the volume of water filtered 
by the bongo nets and expressing the results as eggs 100 m
-3. 
As the samples of eggs contained two cohorts with respect to developmental 
stage, the analyses were restricted to the eggs in the first and younger of those 
cohorts. The number of P. auratus eggs present at each sampling station was 
estimated as 
Ni = ( Ci / 100 ) . SAi . Di, where N = total number of snapper eggs, i = sample station 
(i = 1 to 30 for Cockburn Sound), C = concentration of snapper eggs (eggs 100 m
-3), 
SA = surface area represented by the sample (m
2) and D = depth (m). 
The relative abundance of P. auratus eggs in Cockburn Sound on each new 
moon in each year was calculated as the sum of the Ni over the 30 stations. The 
resulting trends in the relative abundances of P. auratus eggs within and among 
years were compared with those exhibited by sea surface temperature, which, for 
each new moon, was calculated as the mean of the temperature recorded at each of 
the 30 stations. 
The spatial distribution of spawning of P. auratus was analysed from maps 
fitted with contours calculated using kriging and generated using ‘Surfer 8.0’ 
(Golden Software, Inc.). 
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Figure 5.1. Map showing locations of sampling stations. Note that stations 1 to 30 
are located inside Cockburn Sound. 
 
5.2.2 RELATIONSHIP OF SPAWNING FRACTION TO LUNAR AND TIDAL 
CYCLES 
Samples of P. auratus from Cockburn Sound were obtained during 2002 and 
2003 from a commercial fisher who uses long lining to catch this species, which he 
located using sonar. Sampling involved the setting at either dusk or dawn of one line 
of gear consisting of an array of different sized hooks, using a maximum of 600 
hooks and bait which normally comprised Australian herring, yellowtail or squid.   
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The lines were retrieved within ca 2 h of setting. Note that this fisher operated on 
essentially a daily basis during all but the closure period of 6 weeks from 15 
September to 31 October for P. auratus in Cockburn Sound. Thus samples were able 
to be obtained for most of the spawning period in those two years and the results for 
those two years have been pooled. 
The samples caught at dusk were analysed at fish processing premises on the 
morning after capture. Preliminary analysis of these samples demonstrated that a 
large percentage of the mature females contained ovaries with hydrated oocytes. The 
gonads of female P. auratus in each of these samples were macroscopically staged 
(see Table 3.1 for a description of stages) and the percentage of those females with 
ovaries containing hydrated oocytes (stage V), i.e. the daily spawning fraction, was 
calculated. N. B. the data for females caught at dawn were not included in the 
analysis as preliminary analysis demonstrated that the oocytes in the ovaries of these 
individuals had not yet begun hydration. The time between the commencement of 
hydration and spawning by P. auratus is approximately 10 h (Scott et al. 1993).  
For determining the relationship between spawning fraction and tidal regime, 
the maximum daily tidal range (cm) was that determined from tidal height data 
recorded by the Department of Planning and Infrastructure at the Fremantle Boating 
Harbour ca 20 km north of Cockburn Sound.  
 
5.2.3 DETERMINATION OF THE AGES OF EGGS 
  Ages were assigned to each of the 19 developmental stages of P. auratus eggs 
(as described by Norriss & Jackson 2002) following a re-analysis of data produced 
by two experiments during my Honours year. The first experiment involved 
incubating P. auratus eggs collected from spawning captive fish. During incubation,   
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samples of eggs were taken every hour and preserved, until the time that hatching 
occurred. The second experiment involved sampling ichthyoplankton at a single 
location in Cockburn Sound from 1300 h on 13 November 2001 to 1100 h on 14 
November 2001. Eighteen ichthyoplankton samples were collected, the first 12 of 
which were taken hourly and the remainder at two hourly intervals. In both 
experiments, each P. auratus egg in each sample was allocated to one of the 19 
developmental stages.  
For each developmental stage, a logistic regression equation was fitted to the 
percentage contribution of eggs of that and all successive stages in the various 
samples from the eggs spawned by the captive fish, relative to the time (h) at which 
the eggs had been spawned. The age of each developmental stage was determined as 
the time after spawning at which 50% of the P. auratus eggs collected had reached 
that stage. Given that the rate of development of fish eggs is related to water 
temperature, the age of each developmental stage was expressed as a proportion of 
total time taken from spawning to hatching, calculated using the equation of 
McGlennon (2004), i.e. Ht = 75.753 - 2.427(t), where Ht = time of development to 
hatching (h) and t = water temperature (
oC). 
The data obtained from the second experiment, i.e. the ichthyoplankton 
surveys, were analysed using the assumption that, on average, spawning on the night 
of the experimental ichthyoplankton survey had occurred at 1730 h, immediately 
prior to the time (1800 h) when eggs at the earliest stages in development were first 
observed in the samples from Cockburn Sound. These data were subjected to the 
same logistic analysis as described above for eggs derived from the spawning of 
captive fish and were used to confirm that the rate of development of eggs in the 
laboratory was consistent with that of eggs from Cockburn Sound.    
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The accuracy in the estimated ages assigned to the P. auratus eggs obtained 
from sampling of ichthyoplankton on the new moons was determined by exploring, 
for each survey, the extent to which the mean age of the cohort of younger eggs in 
each sample was related to their time of capture. The accuracy would be greatest if 
the slope of the regression line was one, i.e. one hour elapsed during sampling would 
be accompanied by an increase of 1 h in the average estimated age of the eggs.  
The times of day when P. auratus spawns were estimated by back-calculating 
the estimated age of their eggs from the time when they were caught. The 
relationship between the time of day when P. auratus spawns and the times of day 
when the tides change was examined using linear regression analysis. The tidal data 
were obtained from the Department of Planning and Infrastructure (see above).  
 
5.3 RESULTS 
5.3.1 TEMPORAL DISTRIBUTION OF EGGS 
  Eggs of P. auratus were always present in the samples collected in October, 
November and December of 2001 to 2004, peaking in November in all but 2002, 
when the relative number of eggs peaked in December but was also high in 
November (Fig. 5.2). Small numbers of eggs were caught in September of 2001, 
2003 and 2004 and in January of 2002, when sampling was also undertaken in those 
years. The monthly egg numbers in each year were highest in those months when 
mean water temperatures lay between 19 and 20
oC (Fig. 5.2). 
  The daily spawning fraction declined precipitously from ca 100% at the new 
moon to close to zero at 11 days to either side of the new moon and then rose sharply 
to form a second but lower peak at ca 15 days either side of the new moon (Fig. 
5.3a). The daily spawning fraction (SF) was positively correlated with the daily tidal 
range (TR) as described by the following equation: SF = 0.689(TR) + 19.403 (P <   
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0.01, r
2 = 0.43). On the basis of this equation, the daily spawning fraction rose from 
40% at 30 cm to ca 100% at 100 cm (Fig. 5.3b). 
The laboratory experiment enabled the age of each of the 19 developmental 
stages from spawning to be related to the total time between spawning and hatching 
(Fig. 5.4). The data in the latter figure imply that the time taken to reach each 
developmental stage is inversely related to water temperature. The proportion of the 
time taken for P. auratus eggs to reach each of the 19 developmental stages of the 
total time from spawning to hatching in the laboratory was very similar to that 
recorded for eggs spawned in Cockburn Sound (cf Figs 5.5, 5.6, 5.7).  
  On virtually every one of the 16 ichthyoplankton surveys conducted on the new 
moon in Cockburn Sound, the estimated ages of P. auratus eggs increased linearly 
with the time of day, with a slope of approximately one (Fig. 5.8). 
  The back-calculated times of spawning of P. auratus showed that, despite the 
fact that the time of the nightly high tide varied among sampling occasions, the mean 
time of spawning occurred on or up to three hours following the time of the nightly 
high tide (Figs 5.9, 5.10). Furthermore, the majority of spawning extended over two 
to three hours.    
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Figure 5.2. Relative number of Pagrus auratus eggs in Cockburn Sound on each of 
four new moons in each spawning season in each year between 2001 and 2004 (grey 
bars), and the mean sea surface water temperatures (black circles) on each of those 
occasions. Dashed lines represent temperatures of 19 and 20
oC.   
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Figure 5.3a. Relationship between the daily spawning fraction of female P. auratus 
and the number of days to either side of the new moon. Thus, new moon is at x = 0 
days and full moon is ca x = 15 days. 
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Figure 5.3b. Relationship between the daily spawning fraction of female P. auratus 
and the daily tidal range (P < 0.01; r
2 = 0.43).  
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Figure 5.4. Estimated age for each of the 19 egg developmental stages of Pagrus 
auratus over the range of water temperatures recorded during the spawning period. 
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Figure 5.5. The age at which eggs of Pagrus auratus reach each of the 19 
developmental stages, expressed as a proportion of the total time between spawning and 
hatching for the eggs produced from captive fish (black circles, experiment one) and for 
those in ichthyoplankton samples from Cockburn Sound collected on 13 and 14 
November, 2001 (white circles, experiment two).   
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Figure 5.6. Numbers of hatchery-reared eggs at each of the 19 developmental stages 
in successive time intervals, i.e. from experiment 1.    
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Figure 5.7. Numbers of eggs at each of the 19 developmental stages collected by 
ichthyoplankton sampling in Cockburn Sound in successive time intervals, i.e. from 
experiment 2.   
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Figure 5.8. Linear relationships fitted to the estimated ages of Pagrus auratus eggs and the times when samples were collected from the thirty 
sites within Cockburn Sound on each of the ichthyoplankton surveys conducted on the 16 new moons. n represents the number of the 30 samples 
in each survey that contained P. auratus eggs, β represents the slope of the fitted line.   
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Figure 5.9. Relationship between the estimated time of spawning (±1 SD) and the time 
of the high tide at night for each of the 16 surveys conducted on the new moons in 
Cockburn Sound (r
2 = 0.61). 
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Figure 5.10. Distributions of back-calculated spawning times (grey bars) relative to the 
time of the nightly high tide (dashed line) for each of the 16 surveys conducted on the 
new moons in Cockburn Sound. Circles and error bars represent mean spawning time ±1 
SD.   
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5.3.2 SPATIAL DISTRIBUTION OF EGGS 
  In October 2003, the concentrations of P. auratus eggs were greatest at the north-
east end of Cockburn Sound and to a lesser extent to the north in Owen Anchorage (Fig. 
5.11a). Although, moderate concentrations were found in similar regions in November 
2003, far greater concentrations were found in the middle region of Cockburn Sound and 
in Warnbro Sound (Fig. 5.11b). 
  The sampling on successive new moons during the spawning seasons of P. auratus 
in Cockburn Sound in 2001 to 2004 showed that the greatest concentrations of eggs 
were first found at the northern end of this embayment in October and then, further 
south, in the middle of this water body one month later, when the overall abundance of 
P. auratus eggs peaked (Figs 5.12, 5.13). Although no substantial concentrations were 
found on the subsequent new moons in December 2001 and early January 2003 (Fig. 
5.12). Such substantial concentrations were found towards the north to north-western 
end of Cockburn Sound in December in both 2003 and 2004 (Fig. 5.13). 
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     24 to 26 October, 2003                   23 to 25 November, 2003 
                      
Figure 5.11. Distribution of Pagrus auratus eggs in and around Cockburn Sound on (a) 24 to 26 October, 2003 and (b) 23 to 25 November, 
2003. Note that the same scales for contour maps and graduated symbols are used in Figs 5.12 & 5.13.
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Figure 5.12. Distribution of Pagrus auratus eggs in Cockburn Sound on four new moons during the spawning seasons of 2001 and 2002.   
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Figure 5.13. Distribution of Pagrus auratus eggs in Cockburn Sound on four new moons during the spawning seasons of 2003 and 2004.   
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5.4 DISCUSSION 
  The relative abundances and distribution of early-stage P. auratus eggs in 
ichthyoplankton samples collected from Cockburn Sound in four consecutive years 
enabled the period when spawning peaked in this embayment and the locations 
where it occurred to be clearly defined. It also enabled the water temperatures at 
which most spawning occurred to be identified. The results demonstrated that, in the 
four years of sampling, the vast majority of spawning took place between October 
and December, with the peak occurring in November in three years and in 
November/December in the fourth year. The fact that the mean monthly sea surface 
temperatures in those months when egg abundances peaked lay within the narrow 
range of 19 to 20
oC provided further evidence that the spawning of P. auratus is 
strongly related to water temperatures (see also Chapter 3).  
The sampling of eggs over a broad area in 2003 indicated that, while 
spawning did not essentially occur in the open waters surrounding Cockburn Sound, 
it did take place just to the north of this embayment and in Warnbro Sound to the 
south. The patterns of distribution of the eggs within Cockburn Sound throughout the 
spawning season in the four years of sampling were consistent. They indicated that, 
in each year, the main locations of spawning moved in a clockwise direction from the 
north-eastern part of that embayment in the early part of that period to the middle of 
that water body and then finally to its north-western region. Modelling of water body 
movements in Cockburn Sound has demonstrated that there is relatively limited 
exchange of water between this embayment and the ocean and that there is a 
prominent eddy in Cockburn Sound during the spawning period (Apai 2001; Doak 
2004). These characteristics would help facilitate the retention of the eggs of   
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P. auratus in Cockburn Sound and thereby ensure that the juveniles have the 
potential to utilise the waters of this system as a nursery area (see Lenanton 1974).     
The back-calculated ages of the eggs taken in Cockburn Sound at different 
times of the day during the 16 new moon ichthyoplankton surveys demonstrated that 
P. auratus spawns at night and predominantly during the three hours following the 
high tide. However, spawning of P. auratus was not found to exhibit diel periodicity 
in Shark Bay (Jackson & Cheng 2001), but did apparently occur between midday and 
late afternoon in Hauraki Gulf in New Zealand (Crossland 1980; Scott et al. 1993; 
Zeldis & Francis 1998), with spawning tending to occur increasingly earlier in the 
day as the spawning season progressed (Crossland 1980). In South Australia, 
analysis of data on snapper eggs collected during ichthyoplankton sampling indicated 
that spawning occurred between 1400 to 2400 h (McGlennon 2004). The nocturnal 
spawning of P. auratus in Cockburn Sound and its occurrence around the 
commencement of particularly strong ebb tides parallels the situation with 
Rhabdosargus sarba in the entrance channel of the Swan River Estuary, just to the 
north of Cockburn Sound (Hesp et al. 2004b).  
Although the spawning fraction underwent a pronounced cyclical change 
during the twenty days to either side of the new moon, it peaked twice within that 
period. As the strongest peak occurred on the new moon, spawning and thus egg 
release were greatest during the darkest period of the month. The production of eggs 
and larvae at such a time would reduce the likelihood of predation and thus parallel 
the situation recorded for some other species, including the sparid Rhabdosargus 
sarba (Hesp et al. 2004b). However, the second and less pronounced peak in the 
spawning fraction occurred at the full moon and thus during the brightest nights of 
the month. Such bimodality in the timing of spawning during the month has also   
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been found to occur in some other species (Taylor 1984; Johnson et al. 1990; 
Morgan 1990).  
The coincidence between the times when the daily spawning fraction of 
females peaks and the occurrence of new and full moons clearly implies that 
spawning is influenced by tidal regime. This conclusion is consistent with the strong 
correlation between daily spawning fraction and daily tidal range. Such a correlation, 
which parallels that recorded for other species such as Centropyge potteri, Siganus 
canaliculatus and R. sarba (Lobel 1978; Hoque et al. 1999; Hesp et al. 2004b), 
would optimise the local dispersal of eggs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
  127 
Chapter 6 
Length and age distributions and movement of Pagrus auratus with 
respect to spawning and nursery areas 
 
6.1 INTRODUCTION 
Many species move to different habitats at one or more stages of their life 
cycle. For example, Pagrus auratus in the East Cape region of New Zealand (Paul & 
Tarring 1980), Rhabdosargus sarba in Western Australia (Hesp et al. 2004c) and 
Argyrozona argyrozona in South Africa (Griffiths & Wilke 2002) move from 
shallow, nearshore to deeper, offshore waters as they increase in size and age. 
Furthermore, when such movements occur near or at maturity, they can sometimes 
result in the formation of substantial spawning aggregations in the same area each 
year. Some migrations towards specific spawning areas, such as those undertaken by 
the larger species of the Serranidae, can cover large distances (Sadovy et al. 1994; 
Domeier & Colin 1997).  
Pagrus auratus has been shown to form spawning aggregations in marine 
embayments in New Zealand, South Australia, Victoria and Western Australia 
(Crossland 1977; Scott et al. 1993; Jackson & Cheng 2001; Coutin et al. 2003; 
McGlennon 2004). In Western Australia, these spawning aggregations are found in 
embayments where the habitat and hydrological characteristics, e.g. eddies, facilitate 
the retention of eggs, larvae and, to a certain extent, also juveniles (Lenanton 1974; 
Nahas et al. 2003; Doak 2004 unpublished honours thesis; Fowler et al. 2005; Hamer 
et al. 2005). Thus, in both South Australia and Victoria, the areas where spawning 
aggregations are formed also constitute important nursery areas (Fowler et al. 2005; 
Hamer et al. 2005). For example, Fowler et al. (2005) showed that the progenies of   
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the two large spawning groups of P. auratus that aggregated in the northern areas of 
Gulf St Vincent and Spencer Gulf in 1991 remained in those areas for approximately 
the first three years of their life. Furthermore, the strong year class derived from that 
spawning in those gulfs dominated almost exclusively the catches taken along the 
South Australian coast.  
Tagging studies have shown that the extent to which the individuals of 
P. auratus move varies among populations. Thus, for example, several individuals of 
this species have been shown to move distances of up to 1650 km in a northerly 
direction along the coast of New South Wales (Sanders 1974), whereas the 
individuals in the three stocks of P. auratus in the inner gulfs of Shark Bay in 
Western Australia each tend to remain in the same area, with the majority moving 
less than 20 km from their location of release (Moran et al. 2003). The extent of the 
movements of the individuals of a given population of P. auratus is likely to 
represent the degree to which the representatives of each life cycle stage are adapted 
to a given environment (Moran et al. 2003). For example, the larvae, juveniles, 
adults and spawning individuals of each stock of P. auratus in Shark Bay must all be 
well adapted to living in a particular part of that embayment. In contrast, when 
spawning occurs in a small embayment, such as Cockburn Sound, the area of those 
waters would presumably be too restricted to house the full complement of juveniles 
and adults throughout the year. The study described in the last Chapter provided 
overwhelming evidence that, at a latitude at ca 32
oS on the west coast of Australia, 
P. auratus spawns predominantly in marine embayments and particularly in 
Cockburn Sound. 
During this part of the study, sampling was undertaken in Cockburn and 
Warnbro Sounds, in which P. auratus is known to form spawning aggregations, and   
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in open waters in three areas outside these marine embayments at ca 32
oS, in which 
this species does not apparently spawn. The first aim of this detailed sampling was to 
compare the length and age compositions of P. auratus in the two marine 
embayments (and particularly Cockburn Sound, in which by far the largest spawning 
aggregation occurs) with those in each of the three selected oceanic areas. These 
comparisons were used to help elucidate the patterns of ‘habitat’ use and movement 
by P. auratus in the Perth region during the year and at different stages of their life 
cycle. Particular attention was paid to ascertaining the relative abundance of 
P. auratus with lengths greater than the L50 at maturity and of the juveniles in all 
areas to gain a more thorough quantitative understanding of the roles of Cockburn 
Sound as a spawning and nursery area for P. auratus. Finally, a tagging program was 
undertaken in an attempt to determine the directions and distances that adult 
P. auratus might move from Cockburn Sound.  
 
6.2 METHODS 
6.2.1 METHODS OF COLLECTION AND MEASUREMENTS 
  Samples of Pagrus auratus were collected from 2002 to 2006 from four areas 
between ca 31
o00 S (Lancelin) and ca 32
o36 S (Mandurah) in the Perth region of 
Western Australia (see Chapter 2). One of the four areas, which represented known 
spawning locations in Cockburn and Warnbro Sounds (area four), was located ca 20 
km south of the mouth of the Swan River (Fig. 6.1). The other three areas were 
located outside these spawning locations (Fig. 6.1, see Chapter 5), with areas 2 and 3 
being located (between ca 31
o48 S and ca 31
o48 S) to the west of the marine 
embayments and at depths > and < 80 m, respectively, while area 1 was located 
directly to the north of areas 2 and 3.   
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Pagrus auratus was obtained from the catches of recreational and 
commercial fishers and by research workers. All samples collected from recreational 
fishers were caught using hook and line with unspecified hook sizes and rig types 
(Table 6.1) and did not include fish less than the MLL (i.e. 410 mm TL). In contrast, 
samples obtained from commercial fishers were caught using long lines in area 4 and 
hook and line in the other three areas. The samples of P. auratus obtained by 
research workers were caught by long-lining and line fishing in all regions and by 
trawling in all regions except area 2. The trawl consisted of twin otter trawl nets, 
each with 50 and 45 mm mesh (stretched) in the wings and cod-end, respectively, an 
8 m wide opening and with a 10 mm ground chain positioned two links ahead of the 
ground rope. The catchability and selectivity of this type of trawl gear for juvenile 
P. auratus is described in Wakefield et al. (2007). The long line and line fishing gear 
employed a variety of hook sizes and rigs, which were known collectively to be able 
to catch a large size range of P. auratus (Otway & Craig 1993). 
  The total length (TL) of each P. auratus was measured to the nearest 1 mm. 
The otoliths of most fish were removed and employed to estimate the ages of the fish 
as described in Chapter 4. 
 
6.2.2 TAGGING 
  Tagging focused on spawning aggregations of P. auratus in the marine 
embayment of Cockburn Sound. Each tag had a unique identification number, the 
name of the responsible organisation, ‘FISHERIES WA’, and a free-call phone 
number to report recaptures. In addition, a reward was offered for reporting 
recaptures and was stated on the tag as ‘REWARD – MEASURE’. The tags were 9 
cm in length and constructed of yellow plastic with a large dart tip (type PDA, 
Hallprint Australia Pty Ltd). Tags were inserted with a hollow needle through the   
  131 
dorsal musculature and locked behind the pterygiophore bones approximately 1 to 2 
cm below the base of the dorsal fin. Two tags were inserted in the majority of 
P. auratus in order to estimate the rate of tag loss. Previous studies using dart tags 
and identical tag insertion methods had demonstrated that tagging did not 
significantly influence the survival and growth of P. auratus (Quartararo & Kearney 
1996; McGlennon & Partington 1997). All volunteers involved in tagging were 
trained in fish handling so that the potential for injury to the fish during tagging was 
reduced to a minimum. The capture and handling methods included 1) using circle 
fishing hooks with crushed barbs, both to increase the chance of hooking by the lip 
rather than gut or gill (Willis & Millar 2001) and to reduce both the time required to 
dislodge the hook and the damage to the fish, 2) using a wet towel to hold the fish 
firstly to ‘calm’ and hence reduce the potential for injury to the fish while they were 
on the deck of the vessel, and secondly to reduce the amount of mucous removed 
from the scales of the fish, 3) holding the tagged fish vertically upright in the water 
alongside the vessel to help orientate and resuscitate it until it was capable of 
swimming away. 
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Figure 6.1. Map showing the four sampling areas in the Perth region, i.e. (1) north, 
(2) offshore (>80 m), (3) nearshore (<80 m) and (4) marine embayments and the 
recapture locations and days at liberty (blue) of tagged snapper that had moved out of 
Cockburn Sound in which they had been tagged (dashed lines with red circles). 
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6.3 RESULTS 
6.3.1 LENGTH AND AGE COMPOSITIONS 
  The majority of P. auratus were obtained using hook and line and the 
individuals ranged in total length from 170 to 1056 mm (Table 6.1). The total lengths 
of P. auratus obtained by trawling ranged from 90 to 256 mm. 
  All but one P. auratus < 200 mm and all 0+ and ca 70% of 1+ P. auratus 
caught throughout the study region were taken in the marine embayments (Fig. 6.2). 
The percentage contribution of individuals caught in the marine embayments to the 
total catches from all areas declined progressively from 100% in the 100-149 mm 
length class to 2.5% in the 450-499 mm length class, and then increased 
progressively to > 90% in all length classes above 800 mm (Fig. 6.2a). The trend 
exhibited by the prevalence of successive year classes parallels that just described for 
length. Thus, the percentage contribution of P. auratus caught in the marine 
embayments declined progressively from 100% in the 0+ age class to 2.2% in the 4+ 
age class, before rising to nearly 100% in fish above 9+ (Fig. 6.2b).  
The structure of the length-frequency distributions for P. auratus caught in 
areas 1 and 2 were very similar, with the vast majority of fish being > the MLL of 
410 mm and with a strong mode at ca 450 mm (Fig. 6.3). In contrast, a very 
substantial number of fish were caught with lengths < the MLL in area 3 and no 
conspicuous mode was present above this length. The length-frequency distribution 
for P. auratus in area 4 contained essentially two prominent modes, the first at ca 
120 mm and a second at 820-870 mm (Fig. 6.3). The contributions of fish with 
lengths ≥ the L50 at maturity of 585 and 566 mm for females and males, respectively 
(Chapter 3), to the catches in areas 1, 2 and 3 ranged from 10 to 23%, whereas that 
category of fish contributed > 78% of the fish caught in area 4.   
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As with the length-frequency distributions, the age-frequency distributions 
for areas 1 and 2 were very similar, with a strong modal class at 4+ years, whereas 
that for area 3 was 3+ years (Fig. 6.4). The majority of P. auratus in area 4 belonged 
to either the 0+ and 1+ age classes or 7+ to 12+ age classes. 
The trends exhibited throughout the year in monthly length-frequency 
distributions emphasize that very few P. auratus above 300 mm were caught in the 
marine embayments between February and July, but that the numbers of such fish 
increased markedly after August when spawning commences (Chapter 3), and then 
decline precipitously in January when spawning ceases (Fig. 6.5). Small juveniles 
were caught in marine embayments in several months of the year. Substantial 
numbers of P. auratus between 250 and 650 mm were found in areas 1 to 3 outside 
the embayments in all months of the year (Fig. 6.5). 
The lengths of the majority of fish caught in Cockburn Sound during the 
spawning period in each year between 2002 and 2005 lay within the range between 
700 and 950 mm TL and produced an essentially unimodal distribution (Fig. 6.6). A 
second group, with lengths of ca 420 to 580 mm appeared in 2003 and was 
represented by larger numbers of fish with lengths of 440 to 700 mm in 2004 and in 
the following two years (Fig. 6.6). This latter group belonged to the 1996 year class 
that was particularly strong (Fig. 4.8). 
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Table 6.1. Sample sizes and total lengths (mm) of Pagrus auratus caught by each 
method in each area of the Perth region.  
 
Area  Method  n  Range   Mean  S.E. 
1 - North         
  Line   309  304 - 975  498  5 
  Long line  2  756 - 925  841  85 
  Trawl  0       
2 - Offshore         
  Line   389  273 - 889  454  3 
  Long line  76  403 - 998  582  15 
  Trawl  N/A       
3 - Nearshore         
  Line   233  232 - 931  453  8 
  Long line  12  577 - 925  708  20 
  Trawl  2  137 - 191  164  27 
4 - Marine embayments       
  Line   666  170 - 1056  713  119 
  Long line  683  678 - 1056  840  2 
   Trawl  156  90 - 256  133  2 
      n = Sample size, S.E. = Standard error of mean. 
 
 
 
Table 6.2. Sample size and lengths (mm TL) of Pagrus auratus caught by each user 
group in each area of the Perth region. Note that undersized P. auratus (<410 mm 
TL) were collected from recreational and commercial operators through onboard 
monitoring by research staff. 
 
Area  Sector  n  Range   Mean  S.E. 
1 - North         
  Commercial  10  485 - 925  644  41 
  Recreational  260  390 - 975  502  5 
  Research  41  304 - 798  467  16 
2 - Offshore         
  Commercial  73  273 - 889  522  6 
  Recreational  338  321 - 856  455  3 
  Research  54  137 - 998  662  44 
3 - Nearshore         
  Commercial  58  330 - 931  584  119 
  Recreational  68  375 - 797  540  12 
  Research  121  242 - 805  420  10 
4 - Marine embayments       
  Commercial  687  678 - 1056  839  2 
  Recreational  114  227 - 1034  718  12 
   Research  704  90 - 940  579  187 
      n = Sample size, S.E. = Standard error of mean.   
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Figure 6.2. Percentage contributions made by the numbers of Pagrus auratus in 
successive length and age classes (up to 16+) in samples obtained from inside (area 
4, grey bars) and outside (areas 1 to 3 collectively, white bars) the marine 
embayments. Sample sizes are given for each length and age class.   
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Figure 6.3. Length-frequency distributions for Pagrus auratus in sequential 10 mm 
length classes from four areas in the Perth region. The minimum legal length is 410 
mm TL (red dashed line) and the L50 at maturity is 585 and 566 mm for females and 
males, respectively (blue solid lines).   
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Figure 6.4. Age-frequency distributions for Pagrus auratus up to the age of 15 years 
in four areas in the Perth region. The dashed lines represent the age at 50% maturity 
(A50) for males (5.6 years) and females (5.5 years) (Chapter 3).    
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Figure 6.5. Monthly length-frequency distributions for Pagrus auratus in marine 
embayments (area four, black bars) and the other areas combined (areas 1 to 3, grey 
bars).   
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Figure 6.6. Length-frequency distributions of P. auratus during the spawning period 
in Cockburn Sound for each year from 2002 to 2006. The dashed line represents the 
MLL. 
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6.3.2 TAG RECAPTURES 
The lengths of the 574 P. auratus that were tagged and released in Cockburn 
Sound between September and January of 2003 to 2006, i.e. during four successive 
spawning seasons, ranged from 445 to 1027 mm TL (Table 6.3). Thirty-eight (6.6%) 
of these tagged fish have been recaptured, with times at liberty ranging from 4 to 
1001 days. All but seven of these recaptures were obtained from inside Cockburn 
Sound. Two of the seven exceptions had moved 91.9 and 39.8 km, respectively, to 
the north, a further three had moved 32.7, 24.7 and 13.7 km, respectively, to the west 
and two had moved 25.5 and 36.3 km, respectively, to the south (Fig. 6.1). All but 
one of these seven P. auratus were caught outside the spawning period. That fish 
was originally tagged in October 2006 and was recaught 51 days later, i.e. in 
December, south-east of Rottnest Island. The greatest movement (91.9 km 
northwards) was that exhibited by a fully mature fish of 957 mm, when tagged in 
October 2003 in Cockburn Sound, which was recaptured 454 days later in January 
2005. 
The 31 P. auratus, which were recaptured in Cockburn Sound, comprised 11 
that were caught in the spawning season in which they were tagged and 9 that were 
caught in spawning periods subsequent to that of their tagging and release. The 
remaining 11 were caught in Cockburn Sound outside the spawning period. 
A total of 362 of the 574 P. auratus had two tags inserted, with 30 of these 
fish being recaptured. Overall, 9 of these fish had lost one tag. Because a low number 
of these P. auratus were recaptured, the effects on tag shedding rate from the time at 
liberty (Fig. 6.7) and an individual’s ability to insert tags, was uncertain.   
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Figure 6.7. Percentage of double-tagged Pagrus auratus, which, at recapture, had 
lost one tag (grey bars), and the time spent at liberty (sample sizes above). 
 
 
 
 
Table 6.3. Number of Pagrus auratus tagged and recaptured in each year. 
Year 2003 2004 2005 2006
Year Total 54 279 125 116
2003 2 2
2004 10 4 6
2005 9 3 5 1
2006 17 1 9 4 3
Recapture rate (%) 18.52 7.17 4.00 2.59
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6.4 DISCUSSION 
6.4.1 MOVEMENTS THROUGHOUT THE LIFE HISTORY   
  This study showed that the distribution of P. auratus in the Perth region varied 
with life cycle stage and that the coastal marine embayments of Cockburn Sound 
and, to a lesser extent, Warnbro Sound, constitute major nursery and spawning areas 
for this species. The monthly length and age-frequency distributions demonstrate that 
a number of P. auratus use Cockburn Sound as a nursery area during the first two 
years of life. This point is emphasized by the results of previous, more detailed 
sampling by Lenanton (1974), who focused on targeting small P. auratus through the 
use of trawling. In that study, Lenanton (1974) found that P. auratus were present in 
Cockburn Sound until they were ca 18 months of age and measured approximately 
150 mm FL (or 183 mm TL). Studies of P. auratus in New Zealand and south-
eastern Australia have also found that the abundance of juveniles was high in 
protected inshore areas (e.g. Paul & Tarring 1980; Francis 1995; Hamer & Jenkins 
2004). In addition, two recent studies on the elemental profiles throughout otoliths 
showed that P. auratus collected over a long stretch of coast, e.g. 700 km in Victoria, 
and > 2000 km of coast in South Australia, could be linked to one or two points of 
origin (nursery areas) in coastal marine embayments (Fowler et al. 2005; Hamer et 
al. 2005). This highlights the importance of specific nursery areas for P. auratus and 
in Western Australia this would apply to coastal marine embayments in the Perth 
region. 
In the case of fish less than five years of age in the Perth region, the ages and 
lengths tended to increase progressively from the embayment to the area immediately 
outside to areas to the north and west. This implied outwards movement of 
P. auratus from their nursery areas parallels that found in the East Cape region of 
New Zealand (Paul & Tarring 1980). Furthermore, Fowler et al. (2005) found that, in   
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South Australia, P. auratus underwent considerable movements between the ages of 
three to five. Note that as sampling was not conducted to the south of Cockburn 
Sound during the current study, it is not known whether some tagged fish moved in 
that direction. 
The relative abundance of P. auratus ≥ L50 and A50 at maturity were far 
greater in marine embayments than in surrounding oceanic waters during the 
spawning season. However, large numbers of large fish were not present in these 
embayments after spawning had been completed. This indicates that the majority of 
P. auratus that had aggregated and spawned in marine embayments move back into 
coastal waters. Tag-recapture data demonstrated that, at least some P. auratus 
underwent such a movement. However, the recapture information showed that some 
P. auratus remain in the marine embayments after spawning had concluded. This 
parallels the movement patterns of P. auratus in the Carnarvon region (excluding the 
inner gulfs of Shark Bay), where abundances of adults were higher on the inshore 
reefs during the spawning season than at other times of the year, with the associated 
movements of adults forming spawning aggregations thought to originate from 
surrounding waters of the continental shelf (Moran et al. 2003).  
Fowler et al. (2005) found that, in South Australia, P. auratus from the age of 
approximately six years and onwards remained resident in the regions to which they 
had moved. However, P. auratus from that study were collected over more than 2000 
km of coast, whereas the maximum distance from the coastal marine embayments to 
the northern border of the study area in the present study is only approximately 140 
km. Thus, the distance from which P. auratus recruit from the coastal marine 
embayments along the Western Australian coast, and the affinity of these P. auratus 
to return to their place of origin to reproduce, needs further investigation.    
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The movements implied by the tagging results would benefit from further 
investigation using the elemental profiles of otoliths of P. auratus collected over a 
larger range of coast, similar to the approaches used by Fowler et al. (2005) and 
Hamer et al. (2005). This would identify the extent to which P. auratus from the 
coastal marine embayments of the Perth region recruit along the west coast of 
Australia. Nonetheless, the importance of the coastal marine embayments as 
spawning and nursery areas to the Perth region of Western Australia has been 
demonstrated. 
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Chapter 7 
Conclusions 
 
Each of the chapters, which dealt with a different aspect of the biology of 
Pagrus auratus, was accompanied by a detailed discussion of the results and their 
implications, taking into account work carried out elsewhere. Furthermore, particular 
emphasis was placed on producing a detailed abstract which contained relevant data 
and conclusions. For this reason, this final chapter is abbreviated to highlight, as dot 
points, the main findings and conclusions for Pagrus auratus in Western Australia 
and a brief discussion of their management implications. 
 
•  Pagrus auratus spawns at a far earlier time of the year and for a longer period 
in the subtropical waters of Carnarvon than in the temperate waters of the Perth 
and south coast regions. 
•  Spawning on the south coast is very restricted in some years. 
•  Regardless of latitude, P. auratus in Western Australia undergoes its greatest 
spawning activity when water temperatures are between 19 and 21
oC.   
•  Females and males attain maturity at far smaller lengths and younger ages in 
the subtropics than temperate waters of Western Australia. 
•  Opaque zones are typically laid down in the otoliths of P. auratus in winter in 
subtropical waters and in spring in temperate waters. Thus, the timing of 
formation of the opaque zone in the otoliths of P. auratus along the Western 
Australian coast is not related directly to the particular trends exhibited by 
water temperature, but, in both the Carnvarvon and Perth regions, is coincident 
with the timing of spawning.    
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•  Pagrus auratus grows faster and attains a far greater body size in the temperate 
than subtropical waters studied. 
•  Large spawning aggregations are found annually in Cockburn Sound between 
September and December and this embayment acts as a nursery area for the 
early juveniles of P. auratus. 
•  Annual recruitment varied in Carnarvon and the Perth region and, to an even 
greater extent, on the south coast, where the catches were dominated by the 
1996 year class. 
•  Analysis of data on the relative abundance of early stage eggs in 
ichthyoplankton samples and the spawning fraction of females in Cockburn 
Sound demonstrated that, in this embayment, spawning had the following 
characteristics. 1) It peaks in November/December, when water temperatures 
ranged only from 19-20
oC, 2) occurs at night in the three hours after the onset 
of the ebb tide, 3) is greatest around the full and new moons and 4) is positively 
correlated with tidal range. 
•  In each spawning season in Cockburn Sound, spawning commenced in the 
north-eastern area of Cockburn Sound, after which its location moved 
southwards to the middle of this embayment and then to north-western corner 
of this embayment.   
•  The fact that P. auratus forms annual spawning aggregations at predictable 
times and in the same, easily accessible areas make mature adults particularly 
susceptible to capture.   
•  The minimum legal length for retention of P. auratus in temperate waters is far 
lower than the L50 at maturity, which has obvious implications for management.    
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•  Closures are likely to be particularly useful for directly protecting that 
component of the stock which is making the greatest contribution to future 
recruitment success. The implications of the results from this thesis have been 
of ongoing value for developing management regulations for P. auratus in the 
Perth region, and in particularly, those that form spawning aggregations in 
Cockburn and Warnbro Sounds. 
•  Given the importance of Cockburn Sound as a spawning and nursery area for 
Pagrus auratus, at least to the Perth region, consideration needs to be given for 
future industrial and other commercial developments in the vicinity of this area, 
as to limit further environmental degradation and thus potential impacts on this 
stock.  
 
(Gilbert & Sullivan 1994) 
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